


















Departament d'Estrutura i Constituents de la Matèria
Study of the LHCb Calorimeter




Study of the LHCb Calorimeter
Calibration using Photons and
Eletrons
Memòria de la tesi presentada per Carlos González Bañó per






del Departament d'Estrutura i Constituents de la Matèria
Barelona, maig de 2008
5Dediatoria
A Ramón y Andrea
A Juan y Martina
A Juan José y María Meredes
A Bobi, Yino y Beti
7Agradeimientos
Es difíil dar las graias.
Realmente, quiero deir.
Hay tantas osas que deir que se hae asi imposible. Se puede dar un listado, o
se puede deir unos poos nombres. Hay múltiples opiones, y ninguna me onvene.
Se hará lo que se pueda.
Graias a todos. De verdad. Por haber estado siempre a mi lado. Por no haberme
fallado nuna, ni en los momentos más difíiles. Vosotros sabéis quienes sois.
Graias a Riardo Graiani, mi diretor de tesis, por haber estado sentado onmigo
delante del ordenador trabajando y ayudándome durante seis horas seguidas, sin ni
siquiera levantarnos para ir al lavabo. Este trabajo no hubiera existido sin su ayuda
y su innita paienia. A Lluis Garrido, un gran jefe y mejor persona, dispuesto a
ualquier osa por ayudarnos.
Graias a Bobi, mi perro, por alegrarme todos y ada uno de los días durante
estos últimos 16 años y nueve meses (realmente dos meses menos, que no lo tuvimos
uando naió). Y sigue...
Graias a mi madre. Por uidar de Bobi (no se aeptan protestas...) Por estar
siempre allí, por ser fuerte, y onvertir a toda la familia en lo que somos. A mi padre,
por ser bueno, y por la feliidad que me ha dado ver omo devoraba los apítulos
de 24 . A mi hermano Ramón, por haberme enseñado el valor de la ienia, y por
haberme presentado Cien Años de Soledad. A mi hermano Miguel Ángel, por ser tan
espeial, y haer unos regalos de Reyes tan espeiales. A mi hermana Elena, por los
oniertos de Estopa a los que me ha aompañado.
Graias a Andrea, mi abuela, por ser quien es, y por haber heho de mi madre
tan buena persona.
Graias a Franiso Apariio, por ser un gran amigo, por todos lo que ha soportado
siempre y por las innitas partidas de Magi que hemos jugado. A Jorge Apariio,
por ser una de las mejores personas que he onoido. A Eloi, por haberme enseñado
lo que es el valor de la sineridad entre los amigos.
Graias a Ernest Aguiló, que me introdujo asi por pura asualidad en este mundo.
A Miriam Calvo, por haberme apoyado durante todos estos años de dotorado. A
Toni Ramírez, por esos momentos divertidos en el mejor despaho de la historia (junto
al eterno bailarín que es Aleix y a Ernest). Graias a Jan, por aquellas partidas de
Shogi. A Xavi, por estar ahí.
8Graias a Vanya, y a Olivier, por todo el apoyo que me han dado desde el CERN.
Graias a Eugeni Grauges, a Hugo, Adrià, a David Gasón, a Albert Comerma,
a Eduard Piatoste, a Jordi Garra, a Elías, a Antonio. Grandes ompañeros, que me
han demostrado que realmente se puede trabajar a gusto en el mundo de la físia.
Graias a Israel Orga, por ser la segunda persona que onoí uando llegué a la
faultad.
Graias a Estela, a Chumi, a Isaa, a Bruno, por los esperados y deseados breaks
de las tardes.
Muhísimas graias a Nuria, por que realmente quedamos por que es lo mejor que
tenemos que haer, y me paree algo genial.
Graias a Albert Puig y a Marta Abad, sin los úales esta tesis no hubiera llegado
tan lejos. Graias por apoyarme en los momentos de mayor diultad y neesidad.
Graias a Puig, por la apaidad de haer una esta del trabajo. Y a Marta, por
haerme sonreir siempre.
Graias a Rii, por aguantarme, al igual que aguanta las ruedas de los ohes. Y
bueno, por qué no, también a Mar, que tantos momentos divertidos me ha ofreido
(sea direta o indiretamente).
Graias a Rubén y a Jose, por haberme apoyado tanto estos últimos tiempos, y
por el torneo de artas. Y a Noemí, por aquella nohe, on los pingüinos surfeadores.
Graias a Jaume Tarrús, a Alessandro y a Esartín, por haber heho del despaho
un gran refugio.
Graias a Alba Yuste. Por lo que sea, por todo. Por ser una verdadera amiga.
Y a su hermano Kilian por el maravilloso viaje a Croaia que nos regaló en el Val
de la Sabina. Y a Elisenda, por aeptarme tal y omo soy, y no haberme golpeado
violentamente nuna.
Graias a Miguel y a Xos, por haberme dado tantos momentos de magia. A Jorge
Mondéjar.
Graias a Ramón, a Mar, a Rodrigo, a Xavi, por haber apareido estos últimos
tiempos, y haberme dado la oportunidad de onoer una gente maravillosa.
Graias a los amigos lejanos, que aunque no están siempre, sé que están ahí.
Graias a Rolando el pistolero, a Maros, a Alex, a Javi, a Basu, a Xavi, a Merh,
a Esther, a Monia, a Diego, a Abel, ...
¾Y qué me dejo? Lua, Diego, Arturo Garía, Pedro Hernández, los que se han
ido lejos (Román, Enrique, Anna, Mariona, ...).
Graias a Majo, por aquella nohe de las hamburguesas.
Lo diho, que es difíil dar las graias a todos. Creo que esto ha sido una de-
mostraión de que realmente me siento feliz por todos estos años haiendo el dotor-
ado.
Un plaer
Pd.: Cualquiera que me haya olvidado, que sepa que lo lamento muhísimo.
Y bueno, esto va dediado a quienes ya saben qué y omo y por qué.
++++++++++[ >++++++++ >+++
9++++++++>+++++++++++>
++++++++++>+< < < < <-℄ > . >+.
+++.>+++++.>+++++..
< < . > > >.
Introdution
The Large Hadron Collider (LHC) is a giganti sienti instrument near Geneva,
where it spans the border between Switzerland and Frane about 100 m underground.
It is a partile aelerator used by physiists to study the smallest known partiles.
Two beams of subatomi hadrons will travel in opposite diretions inside the
irular aelerator, gaining energy with every lap. Physiists will use the LHC to
rereate the onditions just after the Big Bang, by olliding the two beams head-on
at very high energy.
For deades, the Standard Model of partile physis has served physiists well as
a means of understanding the fundamental laws of Nature, but only experimental
data using the higher energies reahed by the LHC an push knowledge forward.
The LHC experiments
The six experiments at the LHC are all run by international ollaborations, bring-
ing together sientists from institutes all over the world.
The two large experiments, ATLAS and CMS, are based on general-purpose de-
tetors to analyse the myriad of partiles produed by the ollisions in the aelerator.
They are designed to investigate the largest range of physis possible. Having two
independently designed detetors is vital for ross-onrmation of any new disoveries
made.
Two medium-size experiments, ALICE and LHCb, have speialised detetors for
analysing the LHC ollisions in relation to spei phenomena.
Two experiments, TOTEM and LHCf, are muh smaller in size. They are designed
to fous on 'forward partiles' (protons or heavy ions). These are partiles that just
brush past eah other as the beams ollide, rather than meeting head-on
The ATLAS, CMS, ALICE and LHCb detetors are installed in four huge un-
derground averns loated around the ring of the LHC. The detetors used by the
TOTEM experiment are positioned near the CMS detetor, whereas those used by
LHCf are near the ATLAS detetor.
Large Hadron Collider beauty
The LHCb experiment investigating the slight dierenes between matter and
antimatter by studying a type of partile alled the 'beauty quark', or 'b quark'.
Instead of surrounding the entire ollision point with an enlosed detetor, the
LHCb experiment uses a series of sub-detetors to detet mainly forward partiles.
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The LHCb detetor is a forward spetrometer with planar detetors. It has a
length of 21 meters, a height of 10 meters and a width of 13 meters. Its loated in
Ferney Voltaire, Frane. The LHCb ollaboration has approximately 650 sientists
from 48 institutes in 13 ountries (beginning 2008).
LHCb omprises a vertex detetor system (inluding a pile-up veto ounter), a
traking system (partially inside a dipole magnet), aerogel and gas RICH ounters,
a alorimeter system and a muon detetor. The LHCb alorimeter system onsists
of three subdetetor omponents, the sintillator-lead preshower detetor (PS), the
eletromagneti alorimeter (ECAL), and the sintillating tile hadron alorimeter
(HCAL).
Calibration of the LHCb alorimeters
In order to reah an energy resolution of the alorimeter at the level of appro-
ximately 10%, the whole hain, onsisting of alorimeter ells, photodetetors and
ADC's has to be alibrated and monitored. Several dierent types of alibration are
foreseen for the alorimeters [1℄:
1. Monitoring systems using pulsed light soures (for example LED's).
2. Cs137 radioative soure driven hydraulially through the tubes in the HCAL
body.
3. Charge injetors for the ADC's and trigger logi alibration.
These systems provide relative ell-to-ell alibration as well as the ontrol of the
time stability of the alorimeters. None of these methods give the absolute energy
alibration neither the adequate information about the radiation damage of the ative
part of the alorimeters.
A pre-alibration of all alorimeter omponents at the required level is foreseen
before alibrating to a higher auray. This task is performed by dediated alibra-
tion systems on eah sub detetor. The ultimate alibration will be obtained o line
with high statistis data, the absolute value being obtained from physis signals suh
as the pi0 mass or eletrons of known momentum.
Optimal ECAL alibration helps to minimize the mass peak width of reonstru-
ted partiles (both B-mesons and pi0s) onsiderably reduing the bakground level.
MonteCarlo studies have demonstrated the ability of the LHCb detetor to reon-
strut B-hadron deay hannels with photons and pi0s.
Until now, the methods of alibration applied have been made with partiles ge-
nerated using a MonteCarlo simulation. Installation of LHCb is almost omplete.
Strutures are in plae, and remaining sensitive elements and servies will be ni-
shed soon. Most of detetors are being ommissioned using osmis where possible,
otherwise LED or test pulses. Therefore, global data taking proesses have been
started.
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The alibration of the eletromagneti alorimeter is one of the most important
parts in the LHCb experiment. The aim of this thesis is to study the alorimeter
alibration using real data to alibrate the energy measured in the LHCb alorimeter
system. The method proposed is initially tested with MC photons to hek its
feasibility. The rst hek is done with a high energy photon enrihed sample from
a seleted B-deay event, and also with photons generated as unique partile in an
event. After this initial hek, the method is applied using eletron traks from
reonstruted J/ψ.
The reliability of the method is tested by omparing the result obtained with the
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Symmetries and their onservation laws form, together with the elementary partiles
and their interations, the basis of the fundamental physial desription of nature.
Until approximatively 1956 it was assumed that the laws of physis remain un-
hanged when one hanges the sign of spatial oordinates (i.e. hanging x, y or z into
−x, −y or −z) in a given system. This mirroring is alled the parity (P ) operation.
On the other hand, replaing partiles by their antipartiles is alled harge onju-
gation (C) operation. Charge onjugation is onserved by the strong and eletromag-
neti interations but not by the weak interations [1℄. Under harge onjugations
eletri harges swith sign and therefore so do eletri and magneti elds.
In 1956, C.S. Wu [2℄ observed that the mirror image of the left-handed neutrino,
the right-handed neutrino, does not exist and therefore the symmetry of the weak
interation is broken by the P operation.
The symmetry seems restored when the P operator is applied ombined with the
harge onjugation operation that C transforms a partile into its anti-partile. The
CP -transformation onverts a left-handed neutrino into a right-handed anti-neutrino,
whih does exist.
In 1964, a symmetry violation in a CP -transformation was observed by James
Cronin and Val Fith in the ase of the neutral K-meson [3℄ at a level of 0.2%. Sine
then, aurate measurements have taken plae to determine the origin of CP violation
in the K-meson system. Strong interation eets are too large in the K-meson system
to draw any onlusion about the origin of CP violation. The expetation is that
these eets will be less and better determined in the ase of a heavier meson suh
as the B-meson.
Present measures of CP violation provide some of the strongest onstraints on
the weak ouplings of quarks. Future measurements of CP asymmetries in K, D, B
and Bs mesons deays will provide additional onstraints on the avour parameters
of the Standard Model, and an probe new physis as SUSY .
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1.2 The Standard Model
Standard Model was introdued by Glashow, Salam and Weinberg [4, 5, 6℄ in 1961.It
unies strong, weak and eletromagneti interations and allows a satisfying desrip-
tion of the eletoweak interations.





















Eah fermion has its anti-partile, idential but with all quantum numbers (harge,
spin, et.) with oposed sign. Every fundamental interation has assoiated a mediator
boson: the photon (γ) for the eletromagnetism, the massive vetor bosons W+, W−
and Z for the weak interation and the eight gluons for the strong interation.
The weak interation is only applied to the left handed partiles (and right handed






























and zero weak isospin right handed partile singlets:
eR µR τR
uR, dR cR, sR tR, bR
and right-handed weak isospin doublets and left-handed anti-partile singlets for anti-
partiles. Right handed neutrinos do not ouple to other partiles and so they are
not taken into aount.
In the Standard Model of SU(3)C × SU(2)L × U(1)Y gauge symmetry every in-
teration is assoiated with a symmetry group. C is the olour harge of the strong
interation, Y is the hyperharge and L is the weak isospin. The eletromagneti








µ) and Bµ. The Higgs mehanism breaks
this symmetry and deouples the weak and the eletromagneti interations giving
rise to the photon (gauge eld Aµ) and the three massive weak gauge bosons:
W±µ =
W 1µ ± iW 2µ√
2
Aµ = − sin θWW 3µ + cos θWBmu
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Zµ = cos θW W
3




where θW is the Weinberg angle, g the U(1)Y oupling and g
′
the SU(2)L oupling.
The weak interation term that ouples the harged gauge bosons to the fermions is:
Lint = − g√
2
W+µ (ν¯γ
µ(1− γ5)l + q¯uγµ(1− γ5)qd) + h.c. (1.1)
ν, l, qu and qd are the olumn vetors for (νe, νµ, ντ ), (e, µ, τ), (u, c, t) and (d, s, b)
respetively.
With the Yukawa term of the Standard Model Lagrangian that ouples the Higgs
boson to the fermions, the Higgs mehanism gives them mass. This lagrangian mass
term is of the form:
Lmass = − v√
2
(
l¯Mll + q¯uMuqu + q¯dMdqd
)
(1.2)
where v is the Higgs eld vauum expetation value and Ml, Mu and Md are the mass
matries.
Neutrino osillation [7℄ experiments indiate that neutrinos are not massless and
that the Standard Model ould aomodate massive neutrinos. Nevertheless, here
they are onsidered massless and so they do not ontribute to the mass term of the
lagrangian.
If the matries Mu and Md are diagonalised, to put the Standard Model lagrangian
in terms of the mass eigenstates, it results that these may not be the same as the
avour eigenstates and in equation 1.1, where the down quarks and the up quarks are
related, should be introdued an unitary matrix in order to rewrite the lagrangian in
funtion of the quark mass eigenstates.
This matrix is the CKM matrix [8, 9℄ that an give rise to CP violation. In the
lepton setor there is no need to introdue a matrix like that.
1.3 Types of CP violation
The possible manifestations of CP violation an be lassied in a model independent
way:
1. Diret CP violation.
2. CP violation in mixing.
3. CP violation in the interferene between deays with and without mixing.
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1.3.1 CP violation in the deay
Diret CP violation is due to interferene among deay amplitudes whih dier in both
weak and strong phases. For B deays, one builds time-independent CP asymmetry
observables:
ACP = Γ(B → f)− Γ(B → f)
Γ(B → f) + Γ(B → f) =
1− |Af/Af |2
1 + |Af/Af |2
(1.3)
where Af = 〈f |H|B0〉 and Af = 〈f |H|B
0〉 are the deay amplitudes.
Diret CP violation is the only type of CP violation for harged modes, while for
neutral modes it ompetes with the other two types of CP violation. Sizable diret
CP violation eets (|Af/Af | 6= 1) require the ontribution to the deay of at least
two amplitudes of omparable size with of ourse dierent weak phases, but also a
non-zero relative strong phase.
1.3.2 CP violation in mixing
CP violation in B0B
0
mixing (also referred to as indiret CP violation) manifests
itself as an asymmetry in the transitions B0 → B0 and B0 → B0, as a onsequene
of the mass eigenstates being dierent from the CP eigenstates:
|q/p| 6= 1 =⇒ Prob(B0phys → B
0
) 6= Prob(B0phys → B0) (1.4)
This eet an be studied by investigating time-dependent dierenes in mixing rates
in deays to avour-spei nal states suh as semileptoni neutral B deays:
AT =
Γ(|B0phys(t)〉 → l+νX)− Γ(|B0phys(t)〉 → l−νX)
Γ(|B0phys(t)〉 → l+νX) + Γ(|B0phys(t)〉 → l−νX)
(1.5)
As the proper time anels out, the asymmetry is independent of t:
AT = aT = 1− |q/p|
4
1 + |q/p|4 (1.6)
1.3.3 CP violation in interferene
In order to alulate the time-dependent deay rates to a spei nal state f a-
essible to both B0 and B
0








In the ase where the state f is CP eigenstate, fCP , |Af |2 ≈ |Af |2.
λfCP 6= ±1 =⇒ Prob(|B0phys(t)〉 → fCP ) 6= Prob(|B
0
phys(t)〉 → fCP ) (1.8)
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The time-dependent asymmetry:
AfCP (t) =
Γ(|B0phys(t)〉 → fCP )− Γ(|B0phys(t)〉 → fCP )
Γ(|B0phys(t)〉 → fCP ) + Γ(|B0phys(t)〉 → fCP )
(1.9)
an be written as:
AfCP (t) = SfCP sin(∆mBdt)− CfCP cos(∆mBdt) (1.10)
where the oeients of the sine and osine terms are:
SfCP =
2ℑλfCP
1 + |λfCP |2
and CfCP =
1− |λfCP |2
1 + |λfCP |2
(1.11)
The osine terms vanishes in absene of both CP violation in mixing (|q/p| =
1) and diret CP violation in the deay (|AfCP /AfCP | = 1). Even in that ase,
CP violation an arise from the weak phase dierene between q/p and AfCP /AfCP ,
resulting in a non-vanishing sine term (ℑλfCP 6= 0).
SfCP = ℑλfCP = ηfCP sin 2β (1.12)
with ηfCP the CP parity of the fCP nal state (this last expression for the SM ase).
This is interpreted as an interferene between the deay of a B0 meson with and
without mixing (i.e. B0 → B0 → f and B0 → f).
1.4 CP violation in the Standard Model
CP violation plays a fundamental role in the explanation of the matter-dominated
universe [10℄. In the Standard Model, CP violation ours in weak interations due
to the omplex phase in the quark mixing matrix, the Cabibbo-Kobayashi-Maskawa
(CKM) matrix [11℄.
The CKM matrix is a omplex matrix with a priori 2n2 real parameters (n as
the number of quark families). From unitary one an x n2 parameters and 2n − 1
phases an be absorved by a hoie of quark eld phases. Therefore, the number
of independent parameters is (n − 1)2. For the ase of n=3 CKM matrix an be
desribed by four real parameters . Using the sine of the Cabibbo angle λ as an
expansion parameters, the Wolfenstein [12℄ parametrization is given by:
VCKM =






 1− λ2/2 λ Aλ3(ρ− iη)−λ 1− λ2/2 Aλ2
Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4)
where A, ρ and η are the remaining three parameters (it is also dened ρ =
ρ(1− λ2/2) and η = η(1− λ2/2) ). It should be noted that, in this parametrization,
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the usual (but arbitrary) phase onvention under whih all the CKM matrix elements
are real exept Vub and Vtd is impliitly made. CP violation is present if η 6=0.
This desription of CP violation, known as the CKM mehanism, provides an
elegant and simple explanation of this phenomenon, and is in agreement with the ex-
perimental measurements in the kaon and B setors. However, the CKM mehanism
fails to aount for the observed baryon-to-photon density ratio in the Universe. This
suggests that other soures of CP violation must exist besides the CKM mehanism,
and that CP violation studies may be used as probes for New Physis. The key for
these studies is to measure CP violation in hannels that are theoretially very well
understood in the Standard Model, and look for deviations from the expetation.
A onvenient tool for these studies is given by the Unitarity Triangle (UT), illus-













Figure 1.1: The Unitarity Triangle.
All sides and angles of the UT an be measured in the study of B deays: the time-
dependent CP asymmetries measure the angles, while the sides an be determined
by the measurements of the semileptoni B deays and the B mixing. Sine one of
the sides of the UT is normalized to a known quantity, only two measurements are
neessary to dene the triangle (e.g. the two sides). Any additional measurement
(e.g. an angle) an therefore be used to test the CKM mehanism: any inonsisteny
an be interpreted as a sign of New Physis. Alternatively, we an look for New
Physis by measuring the same quantity (an angle or a side) through hannels that
have dierent sensitivity to New Physis.
It is important to note that preision and redundany are essential for testing the
theoretial preditions.
The asymmetri B fatories at SLAC and KEK were speially designed for suh
measurements. In these mahines, eletrons and positrons ollide at
√
s ≈ 10 GeV and
produe an Υ(4S) resonane whih deays into a BB pair. The lean environment,
typial of e+e− olliders, allows the two experiments, BABAR and Belle, to reonstrut
B deays with very high purity and reonstrution eieny.
The two Tevatron experiments, CDF and DØ, study B hadrons produed in pp
ollisions at
√
s ≈ 2 TeV. The harsher experimental environment is ompensated by
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the large boost of the B mesons in the laboratory frame and the fat that all B
hadrons an be produed. The Tevatron B physis program is therefore omplemen-
tary to the programs at the B fatories.
1.5 Deay Asymmetry preditions in the Standard
Model
Most hannels have ontributions from both tree and of penguin diagrams (see
gure 1.2). The penguin ontributions an be gluoni or eletroweak (with a photon
or a Z boson). In ertain ases the latter ontribution an be signiant beause it
is enhaned by a fator m2t /m
2
Z whih partially ompensates the relative suppression
of eletroweak ouplings versus QCD ouplings.
As mentioned above, diret CP violations require two ontributions to the deay
proess whih dier in both their strong phases and their weak phases so that the
relation between whatever CP onjugated deay amplitudes |A¯/A| 6= 1. Purely
leptoni and semileptoni deays are dominated by a single diagram and thus are
unlikely to exhibit any measurable diret CP violation. Nonleptoni deays often
have two terms that are omparable in magnitude and hene ould have signiant
diret CP violations.
Deay amplitudes an be put in funtion of three terms of the type VqbV
∗
qq′ multi-
plied by penguin and trees ontributions. Given the unitary of the CKM matrix the
number of terms an be redued to two terms.
The theoretial alulations of diret CP asymmetries requires knowledge of
strong phases and of absolute values of various amplitudes. The estimates there-
fore have hadroni unertainties. On the other side a lean relationship between
measured asymmetries and CKM phases is obtained when studying CP violation in
the interferene between deays with and without mixing for CP eigenstates modes
dominated by a single term in the deay amplitude.
For deays of the type b → cc¯s and b → ss¯s, with an amplitude dominated
by a VcbV
∗
cs term over a VubV
∗
us term, the Standard Model predits zero diret CP
violation and hene are partiularly interesting for extrating CKM parameters from
interferene of deays with or without mixing.
One example of these deays is B → J/ψK0. This deay is aeted also by the















































From this the unitary triangle angle β an be extrated:



















































Figure 1.2: Quark diagrams ontributing to b deays.
ImλJ/ψKS = sin(2β) (1.14)
This is lean from hadroni unertainties to O(10−3). This measurement gives the
theoretially leanest determination of a CKM parameter and is alled the golden
mode.
The hannel B → J/ψK∗ has a similar amplitude struture but the nal state is
not a pure CP eigenstate. The two dierent CP eigenstates have to be separated by
an analysis of the angular distribution of the deays. Another example of theoretially
lean mode is B → φKS. This deay needs avour hanging neutral urrents and
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so only has penguin ontributions in the two terms of the amplitude. Anyway, the
seond term is 0.02 times smaller, aording to the CKM matrix elements absolute
values, and thus diret CP violation is at most a few perent and an be negleted
when analysing asymmetry, whih is also proportional to sin(2β).
Another kind of deay is the b → uu¯d (or b → dd¯d, as they annot be separated)
and b → cc¯d whih have a tree level ontribution in a VcbV ∗cd term and only penguin
ontributions to a VtbV
∗
td term, that is supposed to be suppressed. This suggests that
these modes have small diret CP violation eets.

















If the penguin ontribution to this hannel was signiant, CP violation in deay
would be introdued (unless strong phases anel or are zero, as suggested by fatori-
sation arguments) and the hadroni unertainties should be eliminated using isospin
analysis. For this the isospin-related hannels B+ → pi+pi0, B → pi0pi0 and their CP
onjugate proesses are needed.
















There are then deays of the type b → uu¯s with a tree ontribution in a suppressed
VubV
∗
us in whih a VcbV
∗
cs term with no tree diagrams ould be omparable to the rst
one. This ould give large interferene eets. B → ρK is one of these deays.
In b → ss¯d deays there is no tree ontribution in any of the two terms (VcbV ∗cd,
VtbV
∗
td). The interferene omes from penguin ontributions with dierent harge 2/3
quarks in the loop. Some examples are B → K+K− and B → φpi0.
Finally there are the radiative deays (b → sγ), for example, Bd → K∗γ in whih
the leading ontributions ome from eletromagneti penguins. The CP violation
pattern in these deays is sensitive to the new phases indued by Physis beyond the
Standard Model. In the Standard Model the diret CP asymmetry is predited to
be < 1% while in some Standard Model extensions the ontribution of new partiles
in the loop may result in up to 10%− 40%
For ompleteness, to measure the unitary triangle angle γ the deay B0s → ρ0KS
an be used. Again there is K0 − K¯0 mixing:



















1.6 Measurement of the Angles
At the B fatories, the angles of the Unitarity Triangle an be preisely determined
through the measurement of the time dependent CP asymmetry, ACP (t):
ACP (t) ≡ N(B
0(t) → fCP )−N(B0(t) → fCP )
N(B0(t) → fCP ) + N(B0(t) → fCP )
, (1.18)
where N(B0(t) → fCP ) is the number of B0 that deay into the CP -eigenstate fCP
after a time t. If only one amplitude ontributes to the deay, ACP (t) an be written
as
ACP (t) = −ηf Im(λ) sin(∆mt), (1.19)
where ∆m is the dierene in mass between B mass eigenstates and ηf is the CP
eigenvalue of the nal state. For some deays, Im(λ) is diretly and simply related
to an angle of the UT. For example, in the deay B → J/ψK0, Imλ = sin 2β.
The measurement of ACP (t) utilizes deays of the Υ(4S) into two neutral B
mesons, of whih one is ompletely reonstruted into a CP eigenstate, while the
deay produts of the other identify its avor at deay time. The time t between the
two B deays is determined by reonstruting the two B deay verties. The CP
asymmetry amplitudes are determined from an unbinned maximum likelihood t to
the deay time distributions separately for events tagged as B0 and B0.
1.6.1 Measurement of the angle β
The deays B0 → harmonium+ K0, known as golden modes for the measurement
of the angle β, are dominated by a tree level diagram b → ccs with internal W boson
emission (Fig. 1.3a). Besides the theoretial simpliity, these modes are advantageous
beause of their relatively large branhing frations (∼ 10−4) and the presene of
the narrow J/ψ resonane in the nal state, whih provides a powerful rejetion
of ombinatorial bakground. The CP eigenstates onsidered for this analysis are
J/ψKS, ψ(2S)KS, χc1KS, ηcKS and J/ψKL.
The results for the measurements of CP violation in B0 → harmonium + K0
are illustrated in Fig. 1.4 (left). The asymmetry between the ∆t distributions of
events tagged as B0 and events tagged as B0, learly visible in a) and ), is a striking



















Figure 1.3: Feynman diagrams that mediate the B0 deays used to mea-
sure the angle β: a) B0 → harmonium + K0; b) penguin dominated B
deays.
manifestation of CP violation in the B system. The orresponding time dependent
CP asymmetry is shown in b) and d). BABAR measures sin 2β = 0.722 ± 0.040 ±
0.023 [13℄. When ombining this result with the orresponding measurement from
the Belle experiment sin 2β = 0.652± 0.039± 0.020 [14℄, we obtain sin 2β = 0.685±
0.032 [15℄. This implies that the angle β is known to a preision of 1 degree.
In the Standard Model, nal states dominated by b → sss or b → sdd deays
oer a lean and independent way of measuring sin 2β [16℄. Examples of these nal
states are φK0, η′K0, f0K
0
, pi0K0, ωK0, K+K−KS and KSKSKS. These deays are
mediated by the gluoni penguin diagram illustrated in Fig. 1.3b. With ontributions
from physis beyond the Standard Model, new partiles suh as squarks and gluinos
ould partiipate in the loop and aet the time dependent asymmetries [17℄.
The deay B0 → φKS is ideal for these studies. In the Standard Model, this
deay is an almost pure b → sss penguin deay, and its CP asymmetry is expeted to
oinide with the one measured in harmonium + K0 deays within a few perent [17℄.
Experimentally, this hannel is also very lean, thanks to the powerful bakground
suppression due to the narrow φ resonane. Unfortunately, the branhing fration
for this mode is quite small (≈ 8× 10−6), therefore the measurement is limited by a
large statistial error.
The deay B0 → η′KS is favored by a larger branhing fration (≈ 6 × 10−5).
In the Standard Model, this deay is also dominated by penguin diagrams; other
ontributions are expeted to be small [18℄.
A summary of the measurements of ACP (t) in penguin modes [19, 20, 21, 22, 23,
14℄ by the BABAR and Belle experiments is reported in Fig. 1.4 (right). The naive
averaging of all the penguin modes [15℄ results in a 2.5σ deviation from the value of
sin 2β measured in the golden mode. However, this disrepany has to be interpreted
with aution sine eah mode an be aeted by new physis in dierent ways.
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Average 0.61 ± 0.23
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Figure 1.4: Left: BABAR measurement of sin 2β in the golden modes.
Plot a) shows the time distributions for events tagged as B0 (full dots)
or B0 (open squares) in CP odd (harmonium KS) nal states. Plot
b) shows the orresponding raw CP asymmetry with the projetion of
the unbinned maximum likelihood t superimposed. Plots ) and d)
show the orresponding distributions for CP even (J/ψKL) nal states.
Right: measurements of sin 2β in penguin dominated modes.
1.6.2 Measurement of the angles α and γ
The most aurate determination of the angle α omes from the measurement of the
time-dependent CP asymmetry in B0 → ρ+ρ− deays. In the SM, these deays are
dominated by a b → uud tree diagram. In the assumption that no other diagram
ontributes to the nal state, Imλ = sin 2α. Penguin diagrams an ontribute to
this nal state, but their ontribution is thought to be small beause of the small
branhing fration measured for the B0 → ρ0ρ0 deay [24℄. Sine ρ is a vetor
meson, the ρ+ρ− nal state is haraterized by three possible angular momentum
states, and therefore it is expeted to be an admixture of CP = +1 and CP = −1
states. However, polarization studies [25, 26℄ indiate that this nal state is almost
ompletely longitudinally polarized, and therefore almost a pure CP = +1 eigenstate.
The parameter sin 2α is therefore measured from the amplitude of the time dependent
CP asymmetry, using the same tehnique desribed for the measurement of the angle
β.
Other nal states, suh as B0 → pi+pi− and B → ρpi [27, 28℄, provide additional
onstraints on the angle α. Combining all BABAR and Belle results, we measure
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α = (105+15−9 )
◦
[29℄.
The angle γ is measured exploiting the interferene between the deays B+ →
D0K+ and B+ → D0K+, where both D0 and D0 deay to the same nal state.
This measurement an be performed in three dierent ways: utilizing deays of D
mesons to CP eigenstates [30℄; utilizing doubly Cabibbo-suppressed deays of the D
meson [31℄; exploiting the interferene pattern in the Dalitz plot of D → KSpi+pi−
deays [32℄. Currently, the last analysis provides the best measurement of the angle
γ. Combining all results from BABAR and Belle, we measure γ = (65± 20)◦ [33℄.
1.7 CKM Parameters in CP -Conserving Proesses
Six of the nine absolute values of the CKM matrix elements are measured diretly
from tree-level proesses:
• |Vud| from nulear beta deays,
• |Vus| from semileptoni kaon and hyperon deays,
• |Vcd| from neutrino and anti-neutrino prodution of harm o valene d quarks,
• |Vcs| from semileptoni D deays,
• |Vcb| from semileptoni exlusive and inlusive B deays,
• |Vub/Vcb| from the endpoint spetrum in semileptoni B deays




 0.97383 ±0.000240.00023 0.2272 ±0.00100.0010 (3.96 ±0.090.09)× 10−3
0.2271 ±0.00100.0010 0.97296±0.000240.00024 (42.21±0.100.80)× 10−3




|VCKM | presents a hierarhy. The diagonal elements are lose to 1, the ones
orresponding to transitions between 1st and 2nd, 2nd and 3rd and 1st and 3rd
families are lower and of dierent order of magnitude.
1.8 CP Measurements at LCHb
The urrent e+e− B-fatories have measured CP violation in the B-system with very
high auray: sin 2β = 0.668± 0.047 (BaBar, 2005), sin 2β = 0.722± 0.040± 0.023
(Belle, 2005), and in exellent agreement with the indiret measurements of |Vub|/|Vcb|
and ∆md from semi-leptoni B
0
-deays and B0 − B¯0 osillations. However, they
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work at the Υ(4S) resonane and annot produe Bs and Bc mesons. After one
year of nominal operation of LHCb the data sample olleted will be suient to
determine β with a similar auray as is foreseen by the B-fatories so far. The
diret measurement of γ is one of the main purposes of LHCb. The high bb¯ ross
setion and luminosity will provide an unpreedented large sample of B0s mesons,
with whih this an be ahieved.
The main CP observables that will be measured are:
• Mixing-indued (AmixfCP ) and diret (AdirfCP ) CP violation in B0 → J/ψK0S deays.
• B0s mixing phase (Φs) and deay-width dierene (∆Γs) with B0s → J/ψΦ
deays.
• ∆ms with Bs → D−s pi+ deays and γ with B0s → D∓s K± deays.
• γ with B0 → pi+pi− and B0s → K+K− deays.
• γ with B0 → D¯0K∗0 and B0 → D0K∗0 deays.
• α with B0 → pi+pi−pi0.
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The LHCb detetor system
The LHCb experiment [35℄ is designed to study CP violation and rare deays in
the B-system in pp-ollisions at the Large Hadron Collider (LHC) mahine with a
entre-of-mass energy of
√
s = 14 TeV and a bunh-rossing frequeny of 40 MHz.
With a bb¯ ross setion of 0.5 mb and a nominal luminosity of L = 2× 1032 m2 s−1
[36℄, a total amount of the order of 1012 bb¯-pairs will be produed within the LHCb
aeptane per year. This will allow preise measurements of the angles α, β and γ of
the unitary triangle. The large prodution of B0 and B0s mesons leads to a signiant
disovery potential for physis beyond the standard model.
Figure 2.1 shows the probability of having from 0 to 4 interations in a
√
s = 14
TeV pp full bunh-rossing
1
(σpp = 80mb) depending on the luminosity. It an be
seen that at L = 2×1032 m2 s−1 there is a ∼ 10% probability of there being multiple
interations in a full bunh-rossing.
The oordinate system of the experiment sets the Z axis as the longitudinal to
the beam (positive downstream and negative upstream), the Y axis as the vertial
(positive up and negative down) and the X axis as the horizontal (positive looking
downstream at the left and negative at the right). The origin of the oordinates
system is in the interation point. In ylindrial oordinates R is the distane to the
beam, φ is the azimuthal angle in the XY plane and θ is suh the polar angle in the
ZR plane (Z/R = tan θ).
Figure 2.2 shows the expeted θ angle distribution of produed bb¯ pairs. In most
of the ases both b quarks are produed both in the forward and in the bakward
diretion (see peaks in the gure). The boost of the bb¯ pair justies not overing the
full solid angle, so the LHCb detetor has been designed as a single arm
2
spetrometer
overing the range 1.9 < η < 4.9 in the forward diretion. It was redesigned [37℄ with
a redution of the material in order to inrease the trigger eieny and to optimise
the physis performane of the experiment. About one third of the bb¯ pairs are
produed within the aeptane of LHCb.
1
In LHC 1/4 of the bunh rossings are empty.
2
Only one arm to optimise the usable 20 m length of the avern.
































Figure 2.2: Polar angle distribution of bb¯ prodution with respet to the
partile beam.
The LHCb apparatus onsists of a vertex loator (VELO), a traking system with
a dipole magnet, two Ring Imaging erenkov ounters (RICH), eletromagneti and
hadroni alorimeters, and a muon system as an be seen in gure 2.3. The overall
dimension is roughly 12 m × 10 m × 20 m. The subdetetors are desribed in the
following setions.
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Figure 2.3: The reoptimised LHCb detetor is formed by a vertex loator
(VELO), a dipole magnet, a traker system, two Ring Imaging erenkov,
an eletromagneti and an hadroni alorimeters and a muon system.
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Figure 2.4: The distribution of the VELO silion sensor stations along
the beam-pipe diretion.
2.1 Vertex Loator
The vertex loator [38℄ is a ritial omponent of the LHCb detetor. It is a silion
traker detetor to reonstrut B deay vertexes. The ability to separate B meson
deay vertexes from the primary interation point is exploited in the trigger stra-
tegy as well as in o-line reonstrution. In o-line reonstrution (triggering) the
vertex loator provides an auray of 40 µm (80 µm) along the beam axis on the
primary vertex. Bs studies, in partiular, demand exellent proper time
3
resolution:
a resolution of 43± 2 fs will be obtained in the B0s → D−s pi+ hannel.
A 1.8 m long setion of the beam pipe around the interation point has a large
diameter of approximately 120 cm, that aommodates the vertex detetor (VELO)
and its supporting mehanis. The sensors are loated within a seondary vauum
separated from the primary mahine vauum by a 100 µm aluminium foil. The ative
elements of the detetor are a sequene of silion sensor stations plaed transverse to
the beam diretion, as illustrated in gure 2.4. A total of 17 stations are envisaged,
displaed along 1m. The number and distribution of the stations is hosen to loate
vertexes within the ∼ 5 cm longitudinal spread in the interation region and to ensure
that the majority of traks seen downstream in the spetrometer will transverse at
least 3 vertex detetor planes: only 5% of traks in the B0 → pi+pi− hannel traverse
less than three stations.
An inner radius of the detetor struture of 8 mm from the beam axis has been
3
Time of ight from primary vertex (where the partile was reated) to the deay vertex in the
partile referene frame.
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Figure 2.5: The strip layout for the R and Φ measuring detetors.
agreed. This is aeptable during LHC physis ollision operation, however the de-
tetor material must be retrated by 3 m during beam injetion. This is ahieved by
onstruting the detetor in two halves, whih an be moved apart horizontally. The
two halves are oset by 2 m horizontally; this allows a small overlap of the sensitive
areas to be ahieved, thus aiding alignment.
Eah sensor station onsists of two detetor disks to read orthogonal o-ordinates.
One detetor has irular strips measuring the R o-ordinate, while the other reads
the Φ o-ordinate as shown in gure 2.5. The Φ measuring detetor strips are tilted
from a pure radial design by 5o, with suessive stations being rotated suh that a
±5o stereo angle is developed. This strip layout reets the rotational symmetry of
the forward detetor geometry and is guided by the development of a fast vertex
triggering algorithm. A minimal impat parameter resolution of ∼ 15 µm is ahieved
at high transverse momenta (∼ 10 GeV ) and ∼ 300µm at lower transverse momenta
(∼ 0.3 GeV ).
2.2 Ring Imaging erenkov Detetors
Exellent pi−K separation is required in LHCb for high momentum traks (in order
to distinguish, for instane, the B0d → pi+pi− deay form other two-body nal states
in whih 10% of traks have momenta greater than 150 GeV ). On the other hand,
the identiation of kaons aompanying B mesons, traks whih tipially have low
momentum, is needed for the avour tagging. This, together with good partile
identiation in high multipliity deays, sets the low momentum limit in LHCb
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partile identiation to ∼ 1 GeV .
In order to satisfy the requirements of partile identiation over a wide range of
trak momenta and polar angles, a ring imaging erenkov system (RICH) [39℄ has
been hosen onsisting of two detetors and using three radiator media with diering
refrative indexes.
RICH1 is plaed lose to the interation point and overing polar trak angles up
to 300 mrad using as radiators aerogel and gaseous C4F10 optimised for low to mid
momentum traks. RICH2 is plaed further downstream, after the traking systems
and before the alorimeters and overs an aeptane out of 120 mrad polar angle.
Using only gaseous CF4 as radiator medium the detetor is optimised for higher
momentum traks. erenkov angles
4
for dierent partiles and momenta in these




























Figure 2.6: erenkov angle for dierent partiles in dierent media de-
pending on the partile momentum. It is seen that aerogel and gaseous
C4F10 are better for lower momenta and gaseous CF4 for higher mo-
menta.
The main optial omponents of eah RICH detetor are shown in gure 2.7. A
traversing trak radiates erenkov photons from the radiator media and these photons
are both foused and brought out of LHCb's aeptane using tilted spherial mirrors.
4
erenkov radiation emision angle with respet to the partile diretion. As it depends on the
speed of the partile, knowing the momentum, the mass an be extrated.
2.3. Traking System 39
Seondary at mirrors are used to help bring the photons further out of the aeptane
and also to allow the full length of the RICH subdetetor to be oupied with the
gaseous radiator, resulting in a greater photon yield. Finally, photo-detetors are
used to reord and readout the signals.
Figure 2.7: Shemati views of the RICH1 (left) and RICH2 (right)
detetors. After reoptimisation some material has been removed from
RICH1 and it is being thought of substituting C4F10 (due to its ost and
availability) by a mix of C3F8 and C5F12 with the same refrative index.
Figure 2.8 shows the performane of the RICH System in separating kaons and
pions.
2.3 Traking System
The LHCb traking system onsists of the trigger traker (TT) station before the
magnet and three traking stations (T1-T3) after. The magnet [40℄ has a magneti
eld integral of
∫
Bd~l = 4 Tm. The purpose of the traking system is to nd harged
partile traks and measure their momenta and diretions. Eah station onsists of
an outer and an inner part.
The inner traker [41℄ stations onsist of four individual detetor boxes whih
are arranged around the beam pipe as shown in gure 2.9. The side boxes onsist
40 Chapter 2. The LHCb detetor system













) Κ → Κ
pi → Κ
∆ ln LKpi > 4
∆ ln LKpi > 0
Figure 2.8: Kaon identiation eieny and pion misidentiation rate
for a sample of Bd → D−s K+ events as a funtion of momentum for two
dierent values of the kaons and pion loglikelihood dierene obtained
from RICH (see setion 2.7).
of silion-ladders that are ∼ 22 cm long and 7.8 cm wide and are built out of two
single-sided AC oupled p+n silion strip sensors with a thikness of 320 µm. The
detetor boxes above and below the beam pipe employ shorter ladders of one silion
sensor only. With this geometry, a detetor design is ahieved that is well adapted
to the distribution of partile densities in the experiment. Eah detetor box of a
station has four layers of silion detetors with the two layers in the middle plaed
with ±5o stereo angle.
Eah outer traker [42℄ station plane is assembled from disrete modules. A mod-
ule ontains two staggered layers of straw tubes lled with a mixture of Ar/CF4/CO2
(75%/15%/10%), whih makes a total of eight detetion layers per station. The two
double layers in the middle are plaed also with the same stereo angle as the inner
traker, as an be seen in gure 2.10.
The TT station onsists of a total of 4 layers like the inner traker ones, but
410 µm thik, arranged in two half setions separated by 30 cm along the beam axis
and enlosed in a single box providing eletrial and thermal shielding. The layers
are disposed like in the inner traker. The layout is shown in gure 2.11.
The performane of the traking system and VELO an be seen in gures 2.12,
that show the traking system momentum resolution and the impat parameter pre-
ision for harged traks from B deays, and 2.13, that shows the traking eieny
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Figure 2.9: The layout of one inner traker station onsisting of four
individual detetor boxes. Lengths are in mm.
Figure 2.10: The layout of traker stations. The outer and inner parts
an be observed.
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Figure 2.11: The layout in a TT-station. Lengths are in mm.
that is ∼ 95% and the ghost rates (∼ 8%) for long traks5.
2.4 Calorimetry System
The main purpose of the LHCb alorimeters [43℄ is to identify eletrons and hadrons
and to provide measurements of their energy and position. These measurements
are required for the various trigger
6
algorithms (for whih the transverse energy is
used, not the total energy) and for the o-line event analysis. Furthermore, the
eletromagneti alorimeter should enable the reonstrution of photons and neutral
pions.
The seletivity demanded at the rst level of triggering implies longitudinal seg-
mentation of the eletromagneti shower detetion. The struture hosen onsists of
four elements: a single layer sintillator pad detetor (SPD), to dierentiate between
harged and neutral partiles, before a single layer preshower (PS) detetor followed
by a Shashlik eletromagneti alorimeter (ECAL) and a sintillating tile hadron
5
A long trak is the trak that leaves signal in the VELO, the TT and the traking stations.
6
See setion 2.6
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Figure 2.12: Momentum resolution with a single gaussian t and the
impat parameter preision for B deays traks.
95%
8% 8%
Figure 2.13: Traking eieny vs. momentum (left), ghost rates vs.
momentum ut (enter) and vs. transverse momentum ut for long traks
(right).
alorimeter (HCAL). Geometri mathing of aeptane and of lateral detetor seg-
mentation failitates the ombination of the information from orresponding ells of
the detetors in the trigger proessors.
The polar aeptane starts at 30 mrad from the beam axis. The outer limits
of polar-angle aeptane are 300 mrad horizontally and 250 mrad vertially. The
dynami range of the readout extends form 0 GeV up to 200 GeV in the eletromag-
neti alorimeter and 300 GeV in the hadron alorimeter (5.1 GeV for the transverse
energy for the L0 trigger in both ECAL and HCAL).
The four elements of alorimetry employ similar tehnologies, i.e. sintillators
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Region SPD Cell PS Cell ECAL Cell Region Number of
Side (cm) Side (cm) Side (cm) Size (ells) hannels
Inner 3.92 3.95 4.04 48× 36 1472
Middle 5.9 5.94 6.06 64× 40 1792
Outer 11.84 11.91 12.12 64× 52 2688
Table 2.1: SPD/PS/ECAL granularity. There is a hole of 16 × 16 ells
in the inner region for the beam pipe, in whih the radiation is too hard.
Region HCAL Cell Region Number of
Side (cm) Size (ells) hannels
Inner 13 32× 28 860
Outer 26 32× 26 608
Table 2.2: HCAL granularity. There is a hole of 6× 6 ells in the inner
region for the beam pipe.
oupled to wavelength-shifting bres read out by fast photodetetors. The front-end
eletronis is largely unied for the whole alorimeter system.
The rates of photons and harged partiles at the front fae of ECAL [44℄ vary over
the alorimeter surfae by orders of magnitude. To minimise the number of readout
hannels the alorimeter should have a non-uniform granularity [45℄ (see Fig. 2.14).
The granularity of SPD, PS and ECAL is the same. They are divided in three regions
(inner, outer and middle) with dierent ell sizes. The sizes are a bit larger as one
goes further downstream, to maintain the same angular aeptane for the dierent
subdetetors ells (see table 2.1 in ase of the ECAL and table 2.2 in ase of the
HCAL).
A more extensive view of alorimeter omponents is given in the next subsetions.
2.5 Muon System
The Muon detetor [46℄ is omposed of 5 (M1-M5) stations interleaved with muon
lter. Every station is divided in four regions (region 1 is the inner-most and 4
the outer-most) that dier in granularity and detetion tehnology. M1 is situated
between RICH2 and SPD and the rest of stations are plaed after HCAL. The ele-
tromagneti and hadroni alorimeters are then used as lter and in addition there
are three iron lters in between M2 and M5. The total interation length orresponds
to 20 λI , therefore a muon transversing the whole system without interating with
the lter should have a minimum momentum of about 8 GeV .
The multi wire proportional hamber (MWPC) tehnique has been adopted for all
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Figure 2.14: Front view of half LHCb eletromagneti alorimeter. The
three regions of the alorimeter (outer, middle and inner) are observed.
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muon stations but the inner part of M1. For the inner part of M1 where the partiles
rate is muh larger the possible alternatives are 3-GEM (Gas Eletron Multiplier) for
region 1 and asymmetri MWPC for region 2.
The muon trigger is designed in suh a way that information from all ve muon
stations is required. In order to ahieve trigger eieny of at least 95% the single
station eieny has to be higher than 99%. To ensure suh a high single-station
eieny two layers of sensitive gas gaps per station are used with a logial OR.
The segmentation of the system is depited in gure 2.15. Eah station is divided
in four regions with dierent pad granularity. Moving from an inner-most to an
outer-most region, the region size sales by a fator two. Suh layout has the feature
that the ontribution to the pT resolution due to the detetor granularity is almost
equal to the ontribution due to multiple sattering over the whole X-Y surfae (see
gure 2.16). As a onsequene the σ(pT )/pT is almost onstant independently of
where the muon trak hits the station surfae. The layouts in the ve muon stations
are projetive in Y
7
as the magneti eld bends traks in the X diretion. In X the
smallest pad dimension is in M2-M3 beause when looking for muons these are the
rst stations to be looked at (see setion 5.2), in station M1 (M4 and M5) they are
a fator 2 (4) larger. The result of suh segmentation is that the smallest pad is
6.3× 31.3 mm2, while the largest is 25× 31 cm2.
The number of pads in all ve stations is about 55,000. In the largest part of
stations M2 to M5, where the expeted partiles ux is low, the pads are ombined
in strips reduing the number of hannels to about 26,000.
2.6 Trigger System
Events with B mesons an be distinguished from other inelasti pp interations by
the presene of seondary vertexes and partiles with high transverse momentum.
However, events with fully-reonstruted interesting bb¯ nal states represent only a
small fration of the total bb¯ sample, due to the small branhing ratios and the limited
detetor aeptane. The LHCb trigger system [47℄ must therefore be very seletive
and eient in reording [48℄ the small fration of interesting events. The LHCb
trigger has two dierent levels: the level zero trigger (L0) and the high level trigger
(HLT).
2.6.1 Level-0 Trigger
The rst trigger level (L0) uses the high mass of the B mesons, resulting in deay
produts with large transverse momentum (pT ). High-pT photons, eletrons, hadrons
and muons are reonstruted in the eletromagneti, hadroni alorimeter and the
muon system, respetively.
7
They keep size(Y )/Z onstant





























Figure 2.15: Front view of a quarter of station M2, showing the dimen-
sion of the regions.
A pile-up system is used to suppress events with multiple vertexes or with large
hit multipliity. It onsists of two VELO disks upstream the interation region to
identify multiple interations (see setion 5.2). Hene more low-multipliity events
are retained, while keeping the same aept rate, and therefore both the average
event size and omputing time are redued, with even a slight inreased seletion
eieny. The pile-up information, together with the highest-pT photon, eletron
and hadron, and the two highest-pT muons, as well as the SPD hit multipliity and
the total transverse energy in HCAL, are passed to the L0 deision unit, whih forms
the nal deision. The fully synhronous L0-trigger, with a xed lateny of 4 µs,
is implemented in ustom boards and redues the rate to 1 MHz. Eienies of
approximately 90%, 70% and 50% are ahieved for events with muons, hadrons and
photons respetively.
2.6.2 High Level Trigger
The High Level Trigger (HLT) is the seond (and last) level of trigger of LHCb,
running after the L0 trigger. It onsists of a C++ appliation that will run on every
CPU of the Event Filter Farm (EFF), whih will ontain between 1000 and 2000
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Figure 2 Contributions to the transverse-momentum
Figure 2.16: Contributions to the transverse-momentum resolution as a
funtion of the muon momentum, averaged over the full aeptane for
muons oming from semi-leptoni B deays having a reonstruted pT
lose to the trigger threshold.
omputing nodes ([49℄).
The HLT appliation has aess to all data in one event, but given the 1 MHz
output rate of the L0 trigger and the limited CPU power available, the HLT aims at
rejeting the bulk of the events by using only part of the full information whih is
available.
The shemati of the dierent trigger sequenes in the HLT is shown in gure
2.17.
The HLT starts with so-alled alleys. Eah alley addresses one of the trigger types
of the L0 trigger, enrihing the B-ontent of the events by rening the L0 objets,
and adding impat parameter information.
2.7 LHCb Experiment Software
The dierent software appliations of the experiment have a ommon infrastruture
and environment provided by GAUDI. GAUDI is a general Objet Oriented frame-
work in whih the appliations are built supporting the data proessing phases of
Partile Physis experiments.
A shemati view of the GAUDI arhiteture an be seen in gure 2.18.
Typial phases of the Partile Physis data proessing are enapsulated in the
various LHCb appliations. An appliation is a serial of algorithms exeuted with
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Figure 2.17: Flow-diagram of the dierent trigger sequenes in the HLT.
Squares represent reonstrution algorithms, while diamonds indiate
where the trigger deisions are taken.
Figure 2.18: Objet diagram of the Gaudi arhiteture.
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a given order. This appliations are based on the GAUDI framework. The subdi-
vision of the dierent appliations is based on their dierent sopes (simulation and
reonstrution) and onveniene (simulation of the events and detetor response) as
reonstrution and analysis proess.
• Gauss, the simulation appliation. Gauss mimis the proesses what will hap-
pen in the spetrometer to allow understanding of the experimental onditions
and performane. It integrates two independent phases that an be run together
or separately. The rst phase onsist of the event generation of proton-proton-
ollisions and the deaying of the B mensons in hannels of interest. The seond
phases onsist of the traking of the partiles produed in the proton-proton
interations in the LHCb detetor.
• Boole, the digitization appliation. The simulation of the detetor responses and
their digitization in order to produe data in the same format as the experiment
eletronis and the data adquisition system (DAQ) is provided by Boole.
• Brunel, the reonstrution appliation. Brunel integrates omplete pattern
reognition as well as sub-detetor and ombined reonstrution. It produes
as output a DST le ontaining all reonstruted items suh as alorimeter and
traker lusters, harged traks as well as information on partile identiation
from the RICH, alorimeters and muon sub-systems.
• DaVini, the analysis framework. The analysis framework supports seletion of
events and analysis proeeding for the further proessing of the DST data. It
provides tools of general use for the manipulation and analysis of the physis
event objets. In addition, tools to allow the evaluation of the physis perfor-
mane of the ode are provided to enable study and omparison with the Monte
Carlo truth information. The output of DaVini an be purely statistial or
event data.
The data ow between algorithm proeeds via the transient store. Data is divided
in three ategories: Event data is obtained from partile ollisions and their suessive
proessing, detetor data desribe the deteting apparatus (geometry, alibration,
et.) and statistial data result from proessing a set of events (histograms, n-tuples).
Data have been organized in orresponding separate transient data stores depend-
ing in their lifetime during a job or exeution yle: The Transient Event Store
(TES) ontains the event data that are valid only for the time it takes to proess
one event, the Transient Detetor Store ontains the data that desribe the various
aspets of the behaviour of the detetor during a period of data taking orresponding
to the proessing of many events and nally the Transient Histogram Store ontains




Partile Reonstrution in LHCb
The group of event data items that are exhanged between the algorithms forming
the appliations introdued in the nal setion of the previous hapter is dened as
LHCb Event Model.
The urrent LHCb event model ontains Monte Carlo truth objets (generation
and deay verties, partiles, hits in sensitive detetors), digitized information from
sensitive detetors, raw data bloks, reonstrution objets (traker segments, energy
lusters, traks), partile identiation objets and physis objets (partiles, ver-
ties).
The simulation proess begins when minimum bias proton-proton interations at√
s=14 TeV are generated using the PYTHIA 6.2 program. Hard QCD proesses,
single difration, double difration and elasti sattering
1
are inluded.
Digitization is the nal stage of the LHCb detetor simulation. The digitization
step inludes simulation of the detetor response and of the readout eletronis, as
well as of the L0 trigger hardware. The output is digitized data that mimis the real
data oming from the real detetor.
The following step onsists in grouping near ells so that the analysis of data ol-
leted in the alorimeter is failitated. This proess alled lusterization is explained
more extensively on setion 3.1.
The trak reonstrution is explained on setion 3.2. In setion 3.3 the hypothesis
of the photon reonstrution is studied.
Finally, the partile identiation (desribed in setion 3.4) starts with the sub
detetor spei reonstrution phases that run during normal proessing. These
phases run algorithms spei to eah sub-detetor and store their nal results in
various summary objets in the Transient Event Store. Photon and eletron identi-
ation are explained for ompleteness sake on setions 3.5 and 3.6 respetively. The
partile identiation proess will not be used in this thesis to avoid the eet of the
properties of the luster in the alibration.
A way to test the energy alibration dened as a pull distribution is introdued
1
Elasti sattering pratially never produes reonstrutible traks in the detetor.




Energy deposits in ECAL ells are onverted into lusters using the Cellular Au-
tomaton algorithm[50].
In this algorithm eah group loal maximum (the alorimeter ell with the energy
deposition greater than the energy deposition in eah of its neighbouring ells) origi-
nates the luster.
By denition (neighbouring ell inludes also the ell whih touhes only one point
of the loal maximum), the enters of the reonstruted lusters are separated at least
by one ell. If one ell is shared between several lusters, the energy of the ell is
redistributed between the lusters proportionally to the total energy of the luster.
This proess is iterative.
Figure 3.1: Dierents examples of lusterisation proess.
In gure 3.1 some examples on the lusterisation proess are shown. Eah row of
the plot represents a dierent ase that an be observed on the alorimeter. In eah
3x3 ells group a loal maximum is loated. This ell will onform the seed of the
luster.
In the rst and in the seond ase two ells are observed with a luster seed of 4.8
and 3.1 (assume that the unit is GeV).
In the third ase also two ells are tagged. One with 4.8 GeV and another with
6.4 GeV. The ell with 0.4 GeV is not seleted beause is not a loal maximum (three
neighbours ells have more energy than this ell).
In the following step the ells that surround the seed are seleted to form the
luster. In the seond ase a ell of 1.2 GeV is shared. The energy of this ell will
3.1. Cluster reonstrution 53
be shared during the alorimeter reonstrution proess. Finally, during a itteration
proess, the energy of the shared ells is distributed between the dierent lusters.
In the third ase there are two ells that are not seleted (0.2 and 0.4 GeV) beause
of they do not surround the loal maximum.
In ase of lustering on the border of two alorimeter regions, as an be seen on
gure 3.2 the denition of luster is the same.
Figure 3.2: Dierents examples of lusterisation proess.
One luster seed of 3.2 GeV surrounded by four ells is found in gure 3.2: two
ells from the same region; and another two ells from the smaller region that are
shared with a luster seed of 3.4 GeV, belonging to the smaller region.
3.1.2 Cluster seletion
Separation between neutral and harged luster is performed in ECAL using mat-
hing tehniques with reonstruted traks. These traks are extrapolated to the
alorimeter referene plane and a mathing with the reonstruted lusters is per-
formed. The χ22D is onstruted:
χ22D(~p) = (~ptr − ~p)TC−1tr (~ptr − ~p) + (~pcl − ~p)TS−1(~pcl − ~p), (3.1)
where ~ptr is the extrapolated trak impat 2D-point to the alorimeter referene
plane, Ctr is the ovariane matrix of ~ptr parameters, ~pcl is the luster baryenter
position (2D) and S is the 2× 2 luster seond momenta matrix.
The χ22D is minimized with respet to ~p and its value is used for luster seletion.
As an be seen on gure 3.3, an exess of 4 in the ut of the minimal χ22D separates
neutral lusters from lusters due to eletrons and supress also lusters due to other
harged partiles.
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Figure 3.3: Minimal value of χ22D estimator for all reonstruted lusters
(open histogram), for all reonstruted traks (hathed histograms) and
for reonstruted true MC eletrons.
3.2 Trak reonstrution
In the trak reonstrution algorithm, the registered hits at VELO and traking sta-
tions are ombined to form segments. These segments are used to reonstrut traks.
This proess is done taking into aount the deviation due both to the magneti
eld and the multiple sattering in the detetor material, and allowing transverse
momentum measurements of the partiles. Depending on their trajetory inside the
detetor, there are dierent type of traks, illustrated in Fig. 3.4, and dened as:
• Long traks: traverse the full traking detetor setup, generating hits in the
VELO as well as in T1-T3 stations. They are the most important traks for B
deay reonstrution.
• Upstream : leave hits in the VELO and TT station only. They are in general
lower momentum traks that do not traverse the magnet.
• Downstream : leave hits in the TT and T stations only. The most relevant ases
are the deay produts of K0S and Λ that deay outside the VELO aeptane.
• VELO traks: measured in the VELO only. Typially large angle or bakward
traks.
• T traks: only measured in the T stations. They are typially produed in
seondary interations.
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For more details on the reonstrution strategy, look up [37℄. The average number
of traks in a bb event is 72 (where 26 are long, 11 upstream, 4 downstream, 26 VELO
and 5 T).
Figure 3.4: Type of traks.
3.2.1 Extrapolator tools
Trak extrapolators tools are a group of software tools that reonstrut the path of
a partile traversing the LHCb detetor. This software performs several tasks as the
patter reognition and the trak t. Patter reognition in the traking system deals
with assigning the deteted hits to traks. These olletions of hits are tted by a
Kalman Filter [51℄ to obtain a representation of the trajetory of the orresponding
partile through the detetor volume.
As a result of the t, a trak ontains the optimal estimates of the dening pa-
rameters at a set of loations speied by their z-oordinate. In the Kalman Filter
approah the trak parameters at the next z-position of interest are predited based
on the knowledge of the trak parameters at the present z-position.
The extrapolator tool used is the TrFirstCleverExtrapolator. The propagation
step is performed aording to a mathematial model wih desribes how the trak
parameters and the orresponding ovariane matrix evolve, taking into aount the
inuenes of the magneti eld, and the energy loss and multiple sattering due to
traversing material. The propagation model is based on the one designed be the
Hera-B ollaboration [52℄.
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3.2.2 Assoiators tools and relation tables
DaViniAssoiators are a set of speialized tools that allow retrieving the assoiaton
between high level analysis objets and MC partiles. These tools are a possible way
to relate the lusters with the traks.
Relations between objets are kept in a Relations Table in the TES (Transient
Event Store). This table is lled by Associator Algorithms.
Whenever an algorithm looks for suh a table, it look in the TES and in ase it
is not found, an algorithm is launhed and produes the table.
The table is always originated from the analysis objets towards the MC Partile.
Conerning the tehniality of relation tables, there are no preferential diretions.
The type of relation table is more or less irrelevant, sine they always ontain the
same information.
As for physis, it well ould be that some MC partiles have no assoiated
alorimeter lusters (the obvious ases are partiles outside the wide alorimeter a-
eptane or neutrinos). The ase where the Calorimeter luster has no assoiated
MC partiles is a bit more triky and quite rare, but there exist a ouple of reasons
to get suh a luster:
1. Very energeti lusters in previous events (spillover) ould result in some low
energy luster for urrent event. This eet is partially orreted at the digi-
tisation level but there is still around a 1% energy leakage for the next BX
(bunh rossing).
2. Low energy lusters ould be formed by the overlapping of partiles with very
small energy depositions (eah independent partile deposition being less that
a threshold value).
3. Very low energy luster ould be a result of the noise.
Due to the Calorimeter readout sheme, the zero suppression algorithm and the
denition of MC assoiation, both points 2 and 3 have negligible probability.
A luster with very low transverse energy would be expeted for suh ases. There-
fore, these lusters do not aet physis.
3.3 Photon hypothesis reonstrution
The photon energy, Ecorr, is evaluated from the total 3 × 3 luster energy, E3×3,
orreted from leakages aording to the following relation:
Ecorr = αE3×3 + βEPS, (3.2)
where the parameters α and β aounts for energy leakages in ECAL and before
the ECAL, respetively. Both parameters are evaluated in order that Ecorr mathes
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on average the energy of isolatedMC photons. The fator α an be obtained from the
photons subsample with no PS hit (EPS = 0). The passive-to-ative energy fator
β for PS is obtained from the omplementary subsample one α is determined. The
parameter α aounts for lateral and longitudinal leakages in ECAL and depends
on the luster energy (E3×3), the relative position of the energy-weighted baryenter
inside the luster (~rb/seed) and inside the ECAL module frame (~rb/mod).
In this work the dependenes with the position have been integrated when alu-
lating the parameter α as well as the dependene with E3×3.
This dependane is assumed to be separable as:
α = α1(E3×3) · α2(~rb/seed) · α3(~rb/mod), (3.3)
where α1 aounts for longitudinal leakages, while α2 and α3 aount for the lateral
shower extension outside the luster area and the energy lost in the passive material
between ECAL module, respetively.
The parametrization of the α dependenes has been alulated usingMC photons
samples. All the above orretions are evaluated sepparately for eah one of the
ECAL region and take into aount the eventual onversion of the photons. For that
porpouse the photons sample is split into two subsamples depending on the presene
of SPD hit or not in the ell faing the ECAL luster seed.
3.4 Partile Identiation
Partile identiation of reonstruted traks within LHCb is provided by the two
RICH detetors, the alorimeter system and the muon detetor. From every one of
these three detetors a likelihood for dierents partile hypotheses is extrated. Then,
for every partile hypothesis the likelihoods are multiplied into a general likelihood.
In this way, every trak has assoiated a likelihood for every partile hypothesis.
L(e) = LRICH(e)LCALO(e)LMUON(non µ)
L(µ) = LRICH(µ)LCALO(non e)LMUON(µ)
L(h) = LRICH(h)LCALO(non e)LMUON(non µ)
In the RICH system the pattern of hit pixels observed in the photodetetors is
ompared to the erenkov angle pattern that would be expeted under a given set of
mass hypotheses for the reonstruted traks passing through the detetors, using the
knowledge of the RICH optis. The likelihood is determined from this omparison,
and then the trak mass-hypotheses are varied so as to maximise the likelihood.
The RICH system also provides some separation between leptons and hadrons,
whih an be used to improve the overall partile identiation performane. To use
the RICH information in the ombined partile identiation, all the alorimeter and
muon system estimators for lepton identiation are also expressed as likelihoods.
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Muons are identied by extrapolating well reonstruted traks with p > 3 GeV
into the muon stations. Muon detetor hits are searhed within elds of interest
(FOI) around the extrapolation point in eah station, parametrized as funtion of
momenta for eah station and region. A trak is onsidered muon andidate when a
minimum number of stations have hits in their orresponding FOI's.
The muon and non-muon likelihoods (LMUON) are built from two variables prob-
ability distributions: the dierene between slopes measured by the muon hambers
and by the traker, and the average trak-hit distane of all hits in FOI's assoiated
to the trak.
For eletrons, the major ECAL estimator χ2e is onstruted as a χ
2
of a global
mathing proedure, whih inludes the balane of trak momentum and the energy of
the harged luster in the ECAL and the mathing between the orreted baryentre
position of the luster with extrapolated trak impat point.
Another eletron estimator, using bremsstrahlung photons, (χ2brem) is alulated
from the trak extrapolation from before the magnet to ECAL and the neutral lus-
ter mathing. This estimator is also used in the bremsstrahlung photon reovery.
More estimators are the energy deposition in the PRS and in HCAL. From the χ2e,
χ2brem, EPRS and EHCAL probability distributions likelihoods are obtained, that are
multiplied to get the eletron and non-eletron likelihoods (LCALO).
The identiation of photons onverted in the passive material after the magnet
(RICH, M1,...) is based on whether there is a hit in the SPD ell that lies in front of
the entral ell of the ECAL luster.
Photon andidates with pT > 200 MeV are paired to reonstrut resolved π
0
's.
To disentangle a potential pair of photons from a merged π0 the energy of eah
ell of the luster is shared between two virtual sub-lusters aording to an iterative
proedure based on the expeted transverse shape of photon showers. Eah of the two
sublusters is then reonstruted as oming from an isolated photon. This method
allows the photons energy and diretion to be orreted for detetors eets.
3.5 Photon Identiation
Photons in the detetor are rst identied aording to their isolation with respet to
harged partiles. This isolation is obtained using an initial luster seletion (setion
3.1.2). The bakground (mainly hadrons) is large and this ut removes a large part
of it. The remaining photon bakground has a low Pt. Two types of photons an be
distinguished: onverted and not onverted ones.
3.5.1 Conversions
The material before the alorimeter is the soure of photon onversions. Two types
of photon onversions learly appear.
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• Conversion before the magnet: The pair of eletrons are swept away by the
magneti eld or are seen as tho harged lusters in the alorimeters. The
LHCb traking system may reonstrut the orresponding eletron traks.
• Conversion after the magnet: The eletron impulsions are not so strongly af-
feted by the maneti eld. Aording to the position along the Z-axis of the
photon deay a single uster may be seen. Usually no trak is reonstruted.
Photons that deayed before the PS lead absorver (onverted photons) an be
identied by means of two tehniques:
• Reonstruted traks of the produed eletrons.
• SPD information on the harge of the inoming partile.
Up to now, only the seond tehnique is used in the analysis. The eletrons
onverted before the magnet may produe reonstrutible eletron traks. However,
the χ22D ut on the lusters ut away those onverted photon andidates. Eletrons
produed after the magnet and a fortiori after the traking hambers are usually
not reonstruted.
The SPD provides the information on the harge of the inoming partile and
allows to identify that a onversion took plae. It is then possible to apply dierent
alibration to eletrons and photons and thus to onverted and not onverted andi-
dates.
3.5.2 Photon identiation
As already explained, photon identiation is done in a rt stage by an anti-oiniden-
e between the luster position and the extrapolation of the reonstruted traks up to
the alorimeter. The only tools remaining to selet photons rely on the ombination
of the SPD, PS and shower shape information.
3.6 Eletron identiation
3.6.1 Identiation with ECAL detetor
The eletromagneti alorimeter, ECAL, plays an important role in eletron identi-
ation. The major ECAL estimator χ2e omes from the global mathing proedure
between reonstruted traks and harged lusters in the eletromagneti alorimeter
and its behaviour is shown in equation 3.4. Distribution of minimal value of χ2e
estimator are shown on gure 3.3. Charged lusters are dened as those for whih
the χ2e estimator satises χ
2
e < 49. Note that a photon andidate's luster an be
assoiated to a trak eletron hypothesis.
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Figure 3.5: The ratio of unorreted energy of the harge luster in
ECAL with minimal value of χ2e estimator to the momentum of reons-
truted traks for eletrons (open histogram), and hadrons and muons
(hathed histograms).
The global mathing proedure inludes in partiular the balane of trak momen-
tum and the orreted energy of harged luster. The importane of proper energy
orretions is ilustrated in gure 3.5.
The orretions proedure for energy and position of eletromagneti luster is
performed using the hypothesis of harged eletromagneti partile taking into a-
ount following items:
• The energy losses in the material before ECAL fae, in partiular, in lead
absorver of Preshower detetor, PS. The orretion is evaluated using the
information from PS detetor.
• The energy losses in the dead material in between of ECAL modules. The
orretions is estimated using the evaluated position of photon andidate within
ECAL ell.
• The longitudinal and transversal shape of eletromagneti shower is used for
evaluation of all energy and position orretions.
The 3 × 3 ovariane matrix of orreted energy and position of eletromagneti
shower, based on the ovariane matrix dened in [53] is used for onstrution of
global χ2:
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χ2e(v) = (vtr − v)TC−1tr (vtr − v) + (vcl − v)TC−1cl (vcl − v), (3.4)
where vtr is vetor of the momentum of the reonstruted trak and x− and y−
position of trak impat point to the alorimeter referene plane, Ctr is the 3 × 3
ovariane matrix of vtr parameters, vcl is vetor of luster energy and position and
Ccl is 3 × 3 ovariane matri of vcl parameters [54]. The χ2e is minimized with
respet to v and the value of χ2e at minimum is used as major ECAL estimator for











Figure 3.6: The minimum value for χ2e estimator for trak-luster
energy/position mathing proedure for reonstruted traks and
harged lusters in ECAL for MC eletrons (open histogram), and
hadrons and muons (hathed histograms).
The likelihood distributions are onstruted using χ2e distributions for true ele-
trons and bakground, wih inludes true hadrons and muons. As disriminate vari-




were used. To take into aount the momentum dependeny of these









. After proper nomalization in eah bin in partile momentum the his-
tograms provide the likelihood distributions. For eah trak the dierene of log-
likelihoods and no eletron-hypotheses ∆ log LECALe/h is omputed. This dierene is
used for ombined partile identiation [55].
62 Chapter 3. Partile Reonstrution in LHCb
3.7 Testing the alibration proess
One way to test the alibration proess onsists on alulating the pull distribution
of the orresponding data. It gives an idea about the orrelation between the energy
measured in the experiment and the expeted value taking into aount the error
estimation.





It represents the deviation of the measured experimental energy, Emeas, with respet
to the expeted value, Etheo. As an be seen in equation 3.5, this deviation is
normalized to the error from both values, σmeas and σtheo.
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Figure 3.7: Global pull distribution of the estimated photon energy with
the urrent onguration for all the alorimeter regions.
The sample employed for this rst study is omposed of MC photons oming from
B → ωγ and B → K∗γ hannels.
In this ase, expeted values are obtained from MC information, and Emeas is the
value of the energy measured on the eletromagneti alorimeter. σtheo is set to 0.
Due to interations produed in the detetor, Emeas must be orreted to aount for
dierent leakages.
Equation 3.5 an be re-written as:





where EMC is the energy of the MonteCarlo partile, Ecorr is the orreted energy
of the MC photon, whih takes into aount the dierent parts of the alorimeter
system and σcorr is the error in the orreted energy estimation. As shown in gure
3.7, through a pull distribution study with MC photons it has been observed an
underestimation of the error for the energy of reonstruted photons provided by
LHCb detetor.
The mean value of a pull distribution should be equal to 0 (on average the or-
reted energy is equal to the energy of the MC assoiated partile). Furthermore,
the dispersion of the pull distribution must be 1: the dierene between the expeted
value and the experimental value should be equal to the error in the measurement.
From gure 3.7 an be seen that the mean value of the pull distribution is shifted
from the origin by approximately 20 σ's, while its dispersion presents a deviation of
25% from the unity. Thus, it is neessary to alulate a new estimation in the error,
as well as a new expression for the orreted energy value is needed.
Chapter 4
ECAL Calibration with MC photons
4.1 Introdution
The aim of this thesis is to desribe a method that will allow to determine the
alibration of the LHCb Eletromagneti alorimeter and its assoiated error using
real data. As a rst step, the method is tested with MC photons.
Working with MC photons is very useful to alibrate the alorimeter system
beause they are not harged, they are not aeted by magneti elds and their
trajetories do not need orretions in order to be extrapolated to the alorimeter
surfae.
Even so, information of the photons annot be used in a real experiment beause
their energy is not measured by other subdetetors. The alibration method will be
applied later with reonstrutible partiles as eletrons. Photons will be used as a
rst step to hek the method.
The sample used onsists of photons obtained from a B sample omposed by two
B-deay hannels: B → K∗γ (200k events) and B → ωγ (240k events). They ome
from DC041 prodution events and are proessed by the LHCb analysis pakage
DaVini v12r16. Photons from both deay hannels have similar properties and they
are ombined to inrease statistis.
Photons may deposite or not all their energy in the alorimeter. Therefore, the
parametrization of the reonstruted energy an be obtained by dividing the sample
in two parts: a fration formed by photons that do not interat in their trajetory
before the eletromagneti alorimeter, and another fration of photons that for any
reason (photon onversion in an eletron-positron pair, for example) have interated
with the detetor material before the ECAL. This proess is exposed in setion 4.2.
In setion 4.3 the B-sample is leaned by applying a series of uts to the photons
and to the lusters deteted in the alorimeter. The main objetive of these uts is
to redue both the energy of the photon and its deposited energy into an isolated
system that an be orretly analysed.
1
Data Challenge programmes of the LHC experiment produed in 2004.
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Photons of the B-sample are analysed in setions 4.4 and 4.5 following the shema
exposed in setion 4.3. The method used is explained in detail in setion 4.4. Se-
tion 4.5 studies the subsample formed with photons that losses energy before the
alorimeter. This study is done rst with a 2-dimensional analysis and later binning
the sample with a method exposed in setion 4.4.
Another sample omposed of just one photon per event is studied to hek the
method applied to the photons of the B-sample. A desription of this partile gun
sample and the uts applied on it is given in setion 4.6.
The same analysis as the one applied to photons from the B-sample is used with
the partile gun sample in setion 4.7.
The reonstruted energy and its resolution for the photons of the B-sample (al-
ulated in setion 4.8) are tested by means the alulation of the pull distribution in
setion 4.9.
Until this setion of hapter 4 the method has been applied to MC partiles. On
setion 4.10 one onsiders how to apply this method to real partile data as eletrons.
With this aim, uts previously applied to photons should be modied to realulate
the parametrization of the reonstruted energy. Conlusions are given in setion
4.11.
4.2 Photon energy reonstrution
The aim of this hapter is to show a method to obtain a parametrization of the
reonstruted energy for photons in the alorimeter and its assoiated error. The
parametrization is based on the fat that reonstruted energy an be separated
in two omponents: a main ontribution orresponding to the energy deposited on
ECAL plus a orretion due to energy lost before arriving.
Therefore, expression 3.2 an be rewritten as:
Erec = E
CAL
rec (ECl) + ∆E
CAL
rec , (4.1)
where ECALrec (ECl) represents the parametrization of the reonstruted energy of the
photons from the energy measured at the orresponding luster in the alorimeter and
∆ECALrec is the fator that inludes the losses due to interations before this detetor.
The term ECALrec (ECl) is the only ontribution to the reonstruted energy Erec for
those photons that have not interated before the alorimeter.
The funtion ECALrec is alulated using photons that deposite all their energy on
the alorimeter. In this ase, the orretion ∆ECALrec anels and the reonstruted
energy is diretly equivalent to ECALrec . For photons, that begin the development of
the shower before the alorimeter , the energy losses be estimated by means of the
information of the PS.
These loses are inluded in the orretion fator ∆ECALrec . Given the important
geometrial omponent in expression 4.1 its parametrization is omputed separately
for eah region of the alorimeter.
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Following the sheme proposed in setion 3.3, ECALrec an be parametrized using a
linear polynomial of the form:
ECALrec (ECl) = αECl + c, (4.2)
whih depends on the luster energy deposition. The α parameter represents the
gain/leakage eet produed on the ECAL alorimeter due geometrial harateris-
tis, and the parameter c allows a possible energy oset. In ase of the parameter α,
the dependeny with both the position in the ell and the energy are negleted.
The expression orresponding to ∆ECALrec is parametrized as:
∆ECALrec ≡ ∆ECALrec (EPS) = βEPS + γ (4.3)
As in the previous ase, ∆ECALrec (EPS) has been parametrized to a linear funtion
following the referene of setion 3.3. β is the fator that relates the energy measured
in the PS with the energy lost before the alorimeter and γ is the global oset term.
The parameter γ will inlude ontributions from parameter c from equation 4.2.
The funtion ECALrec is alulated using the subsample with EPS = 0. Afterwards,
∆ECALrec is alulated using the omplementary subsample.
Finally, expressions 4.2 and 4.3 are merged into equation 4.1 to yield:
Erec = αECl + βEPS + γ, (4.4)
where α, β and γ fators are onstant values that dier for eah alorimeter region.
The parameter α ould be dierent for eah ell and also an be parametrized as
a funtion of the luster position with respet to the entral ell. Additional depen-
denes ommented in 3.3 (suh as relative position of the energy weighted baryenter
inside the ECAL luster or inside the ECAL module frame) ould be inluded in
the energy orretion term ECALrec . Nevertheless, the sample size used in the proess
of reonstrution does not allow for a omplete study of all the parameters. For this
reason, they will be onsidered as integrated into the α value.
The value of the parameter γ should be approximately 0. Nevertherless, this oset
an be dierent from 0 mainly beause of two fators: geometrial orretions not
onsidered during the luster reonstrution or biases on the tting method.
Additionally, in later setions a sample omposed of partile gun photons oming
from the primary vertex is studied as an ideal referene system. More details about
partile gun photons and their analysis will be given in later setions.
It should be notied that MC data used for this analysis has already been pre-
alibrated applying a onstant fator to the energy measured on eah ECAL ell. Real
data will also be pre-alibrated in the experiment thanks to test beam and osmi
ray alibration runs, but a larger ell-to-ell eet is expeted.
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4.3 MC Photon sample seletion
This setion desribes the seletion of photons from the B-sample that are used
to determine the parametrization of the reonstruted energy from the alorimeter
measurements. The seletion is done by studying two diereniated levels: rst,
looking at the generated photons, and seond looking at the lusters deteted in the
alorimeter.
The Monte-Carlo B-sample is omposed of 13.7 M photons. Initially two uts are
applied to this sample to assure that photons ome from a primary vertex and they
are good andidates to be measured in the alorimeter. These photon-uts applied
to the initial sample are:
1. MC photons should ome from the interation point (IP ), to exlude partiles
that have been produed in seondary interations elsewhere in the detetor.
Seleted photons must be produed at less than 200 mm from IP (IP ut).
As an be seen in gure 4.1 most of the photons have their origin vertex loser
than 200 mm from the nominal interation point. Photons produed in the
interation with V ELO station appear on the region before ∼ 850 mm. The
V ELO exit window is loated at this position [38]. The peak at ∼ 1150 mm is
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Figure 4.1: Distane between the interation point and the origin of the
MC photon.
2. The energy of the MC photons is required to be at least 1 GeV (Energy ut).
The more energeti the photon is, the higher the probability of observing a
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deposition on the alorimeter. Moreover, to work with energy partiles at trigger
level is useful beause the B produts have more transverse momentum than
other partiles (setion 2.6.1). What will be done is to perform the alibration
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Figure 4.2: Energy distribution for MC photons of the B sample.
Table 4.1 shows the fration of photons remaining after both uts have been
applied separately and onseutively. The eet of the IP ut is 8% greater than the
Energy ut eet in both ases. Both uts are needed to dene the sample. After
applying photon-uts, 6.85 M MC photons are onserved (49.2 %).




Table 4.1: Fration of photons that are kept after applying IP and Energy
uts onseutively. (ci,cj) refers to rst applying ut ci and then applying
ut cj and the resulting sample.
After these photon-uts, a series of uts have been applied to the lusters de-
teted in the alorimeter. From these luster-uts it is expeted that the energy
deposited in the alorimeter orresponds with the one of the photons seleted initially.
The uts applied to the lusters are:
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1. Cluster deposits above the saturation limits (see plots from gure 4.3) due to
the eletronis of either the PS (energy higher than 225 MeV in a ell) or ECAL
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Figure 4.3: Energy distribution in the PS ells (left plot) and transverse
energy distribution in the ECAL alorimeter. The eet of the eletroni
saturation an be observed in both ases.
2. One and only one luster must be assoiated to eah MC photon (gure 4.4).
The assoiation between MC photons and lusters is obtained by means of
DaVinci Associator tools (see setion 3.2.2). The objetive of this ut is to
minimize ambiguities when alulating the ratio between the energy of the
photon and the energy deposited in the alorimeter (relation ut).
3. The seleted luster and the projetion of its assoiated MC photon on the
alorimeter must be loser than 1.2 ells to guarantee that the photon is well
reonstruted (reonstrution ut). The projetion is obtained by extrapo-
lating the position of the MC photon from the origin vertex to the plane of
maximum energy deposition on the alorimeter by using the photon momentum.
Figure 4.5 shows the ditribution of distanes between photons and their as-
soiated lusters. The absene of the seond bump in the dashed line plot
demonstrates that in the ase of seleting a single luster, in most of the ases
the luster is a distane smaller than 1 ell from the projetion of the photon
on the alorimeter.
4. The distane between the luster assoiated to the MC photon and its losest
luster must be greater than 3 ells to assure that the luster is isolated. Figure
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Figure 4.5: Distane distribution between the MC photon projetion on
the ECAL area and the assoiated luster (full line). The dashed line
shows the ase in whih there are several lusters assoiated to the MC
partile.
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4.6 shows that lusters that represent the main ontribution to the distribution
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Figure 4.6: Distane distribution between the luster assoiated to the
MC partile photon and the nearest luter.
The uts applied to the lusters redue the remaining sample to 48.1%. As it is
shown in table 4.2, the main ontribution omes from the Relation ut demanding
a biunivoal relation beween the lusters and the MC photon.





Table 4.2: Remaining lusters after applying eah luster ut in the
sample separately (left olumn) and onseutively (right olumn).
Table 4.3 shows for eah region the global eet of the uts and also separates the
sample depending on whether there is signal in the PS or not. One luster-uts are
applied, the MC sample has been redued to 3.2 M (approximately a 23.6% of the
initial sample). From these photons, 33.0% belong to the outer region, 45.9% to the
middle region, and 21.1 % to the inner region. Only 16.0% of the seleted photons do
not leave signal on PS. The energy distribution and the angular distribution after
applying both luster and photon uts are shown respetively in the left plot and in
the right plot of gure 4.7.
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EPS = 0(M) EPS > 0(M) all(M)
OUTER 0.2 0.9 1.1
MIDDLE 0.2 1.2 1.4
INNER 0.1 0.6 0.7
total 0.5 2.7 3.2
Table 4.3: Remaining MC photons oming from the B-deay for the
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Figure 4.7: Energy distribution (left plot) and angular distribution (right
plot) of the MC photons from the B sample after applying luster and
photon uts. The ontinuous line orresponds to all the regions of the
alorimeter, disontinuous line to the outer region, the dashed line or-
responds to the middle region and the dotted-dashed line orresponds to
the inner region.
4.4 ECAL Calibration using B-sample Photons
The objetive of this setion is to determine the parametrization of the reonstruted
energy as a funtion of the alorimeter luster energy for those photons of the B
sample that have not interated before reahing the alorimeter; i.e. with no signal
in the PS (EPS = 0). At digitisation level, the energy of a PS ell is set to zero if
it is lower than a given threshold (3.4 MeV ), as an be seen in gure 4.8. This is
known as zero suppression.
In order to obtain this parametrization the energy of the alorimeter luster ECl
is ompared with the MC true energy EγMC of the photons that is used as referene.
As an be seen in gure 4.9, after applying both photon and luster uts desribed
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Figure 4.8: Zero suppression on PS.
in the setion 4.3, there is a good orrelation between ECl and E
γ
MC for photons of
the B-sample. This orrelation justies the linear approximation in expression 4.2
and an be also used to extrat the value of the parameter α from relation 4.5.
EγMC ≃ ECALrec (ECl) = αECl + c (4.5)
Nevertheless, the small asymmetry of the low-energy region observed in gure
4.10 auses some diulty in diretly estimating the value of α from a diret t of
gure 4.9. Therefore, it is neessary to dene a proedure to obtain the value of the
α parameter in a onsistent and reproduible manner.
With this aim the sample is divided into n bins of MC Energy with the same
number of entries, as it is shown in gure 4.11. A balane must be found when the bin
size is deided: on one hand eah bin must be suiently small to avoid the spread
on the EMC energy, and on the other hand the bin must have enough statistis to
allow onsistent ts and further analysis. In this ase, the bin size has been set to
500 entries. In ase the last bin does not ontain enough statistis to make a orret
analysis, it is inluded into the previous one.
As it is shown in gure 4.111, the bin size grows as the energy inreases. This
variation has to be arefully observed for high energy bins, beause it goes beyond
the size of the detetor resolution and would aet the results of the present analysis.
As an example, MC energy distributions orresponding to the 2nd and 35th bins
from the outer region are represented in the upper-left and upper-right plots of gure
4.12 respetively. The 2nd bin has a mean value of 1.05 GeV and its width is muh
1
Divisions in gure 4.11 are formed by 2000 entries in order to allow for a good visibility to
expose the working method.
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Figure 4.9: MC energy sample in front of it assoiated ECAL alorime-






























Figure 4.10: MC energy sample in front of it assoiated ECAL alorime-
ter luster for the middle region ase.
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Figure 4.11: MC energy sample divided in bins with the same statistis
for the middle region of the ECAL alorimeter.
smaller than the resolution of the orresponding ECl bin, while the 35
th
bin has a mean
value of 18.14 GeV and its size is larger than the resolution of the orresponding ECl.
Their orresponding luster energy distribution ECl represented in the middle plots
of gure 4.12. As an be seen in these plots, the energy distribution orresponding to
the 2nd bin (middle-left plot) is not aeted by the bin size and presents a gaussian
shape, while the energy distribution from 35th bin (middle-right plot) is dominated
by the shape of the original EMC distribution. To overame this eet, the luster
energy distribution is reesaled for eah bin to its entral value assuming a linear
behaviour within the bin. This normalization is done rst by dividing ECl by the
orresponding value EγMC event by event and then multiplying by the <E
γ
MC> from
this MC energy bin.




This way, the mean value of the distribution does not hange; i.e. by onstrution
<E ′Cl>=<ECl>.
The eet of the orretion is shown (for the 2
th
and for the 35
th
bins) in the
bottom plots from gure 4.12 respetively. As it was expeted, the distribution has
not hanged substanially for the low energy bin (bottom-left plot), whereas the
distribution orresponding to high energy (bottom-right plot) has redued the eet
of the bin size. Both now an be tted by a Gaussian funtion of the form
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Figure 4.12: Corretion proess for the nite bin eet applied to the




bins from the outer
region.
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For eah bin n and alorimeter region r, the orreted En,rCl distribution is repre-




Figure 4.13 shows a ouple of examples of these ts for eah region of the alorime-
ter. It an be seen that the gaussian funtion does a good job, being its χ2/n.d.f. lose
to 1 in all ases. The mean value of the t is, as expeted, lose to the <EγMC>
n,r
.
The relation between < EγMC > and < ECl > is observed in gure 4.14 and a
linear t is applied using the expression:
< ECl >= α
−1 < EγMC > + k, (4.8)
for eah region of the alorimeter.
Finally, <EγMC> term is isolated:
ECAL(ECl) = α < ECl > + c (4.9)
Where α is the alibration onstant that inludes the proportionallity fator between
the measured and the expeted energy as well as any possible loses in the ECAL
luster due to the 3x3 basi luster size. It is lose to 1 sine data is energy alibrated
(see setion 4.2). Possible additional osets are inluded in the onstant term c =





Table 4.4: Parameters α and c for photons of the B sample.
As one moves towards the inner parts of the alorimeter the size of the ell di-
minishes. Therefore there are more lateral leakages and the value of α inreases.
4.4.1 Resolution of the energy deposited in the alorimeter.
Using the values for < ECl > and σ<ECl> obtained in the previous ts, the resolution
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Figure 4.13: ECl distributions for some bins of MC Energy for outer
region (upper plots), middle region (middle plots) and inner region (bot-
tom plots).
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Figure 4.14: Mean value of ECl as a funtion of the mean value of E
γ
MC
for studied deays for the outer region (upper left plot), the middle region
(upper right plot) and the inner region (bottom plot). The points are t
using equation 4.9
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Figure 4.15: Energy resolution as a funtion of the luster for photons
from the B sample for the outer region (upper-left plot), middle region
(upper-right plot) and inner region (bottom plot). The points are t
using equation 4.10.
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where a1 is the term that dominates at low energies, b1 term dominates at medium
energies and c1 is the onstant term for ECl →∞.
The parameter a1 is the ontribution that omes from the properties of the mea-
sure instruments, from the signal noise deteted at low energies or from the possible
pedestal eet. The next ontribution (b1) is produed by the statistis during the
shower development. Errors assoiated to the alibration, non-uniformities or non-
linearities are inluded in parameter c1.
The resolution of the alorimeter is shown for its dierent regions in gure 4.15.
Results are summarized in table 4.5. The resolution improves as it is observed to-
wards the external parts of the alorimeter beause of the inrease of the ell size.
Contributions due to errors in the alibration are onstant.
a1 b1 c1
OUTER 0.089±0.003 0.094±0.002 0.022±0.001
MIDDLE 0.112±0.004 0.115±0.002 0.021±0.001
INNER 0.203±0.004 0.131±0.002 0.018±0.013
Table 4.5: Resolution values for the energy deposited in the ECAL for
photons of the B sample.
4.5 Energy lost before the alorimeter
The objetive of this setion is to ompute the orretion to the energy alibration
due to the energy lost before the alorimeter. To study this orretion the relation
between the energy deposited in the PS and the dierene between the E
γ
MC and
the reonstruted energy using only the ECAL information is studied. Only photons
that have EPS 6= 0 will be onsidered.
The orrelation, shown in plots from gure 4.16, is weaker than that observed in
gure 4.9. Whereas the resolution from EγMC was perfet, now the resolution from
(E
γ
MC −ECAL(ECl)) is dominated by the resolution in energy from the luster while
the lost energy is only a small fration of the initial E
γ
MC .
Two dierent approahes to determine the parametrization of the observed depen-
dene have been tried. One attemps a global t and other uses a sliing proedure
similar to the used in the previous analysis.
4.5.1 2D analysis
As a rst step, the projetion of the PS energy distribution over the x-axis is tted
by ombining a negative exponential with a (x− x0)n polynomial:
fx(x) = p1(x− p2)|p3| · e−|p4|·x, (4.11)
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Figure 4.16: (EγMC − αECl) distribution as a funtion of the energy
deposited in PS in a 2-dimensional representation (left plot) and in a
3-dimensional representation (right plot).
where p1 is a normalization onstant, p2 is a shift from the origin, p3 is the exponent
of x-polynomial form and p4 is the onstant value applied to the exponential.
Fitted values for dierent regions of the alorimeter are summarized in table 4.6.
OUTER MIDDLE INNER
p1 (239.8±3.9) · 104 (59.6±0.9) · 104 (23.6±0.2) · 104
p2 (0.2±0.0) · 10−2 (0.2±0.0) · 10−2 (0.2±0.0) · 10−2
p3 (52.3±0.4) · 10−2 (33.48±0.3) · 10−2 (25.1±0.2) · 10−2
p4 68.8±0.1 53.2±0.1 40.8±0.1
Table 4.6: p1, p2, p3 and p4 values for fx t.
The χ2/n.d.o.f values for the 2-dimensional t are equal to 119.8, 58.2 and 43.5 for
outer, middle and inner regions respetively. These numbers are far from one, even
so, they an be used as initial values for further alulations.
After fx is alulated, the dependene on the orretion to the energy (y-axis) is
inluded by means of equation 4.12.









p5 is the ratio between the orretion to the energy and EPS, p6 is a possible energy
oset and (p7)
−1
is the onstant value of the exponential distribution.
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Finally, fx is ombined with fz(x, y) to form the 3-D surfae:









Expression 4.13 is tted using 7 parameters. p1, p2, p3 and p4 initial values are
taken from table 4.6.
Whereas for the initial ts the sample an be tted orretly using all the energy
range, the 7-parameters ase an only be alulated for PS energies higher than 0.01
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Figure 4.17: EPS energy distribution for outer region up to 253 MeV(left
plot) and up to 15 MeV (right plot). The dashed line marks the expeted
position of the 2 MIPs peak and the dotted-dashed line orresponds the
4 MIPs peak.
The projetion from gure 4.16 over the x-axis (i.e. the PS energy distribution)
is shown in gure 4.17 for values up to 253 MeV (left plot) and for values up to 15
MeV (right plot).
The left plot of gure 4.16 learly demonstrates that a 2-D t is not easily appli-
able due to the peak appearing at low energies. As an be seen in the right plot of
this gure, the peak is loated approximately at 2 MIPs. This peak is observed when
a photon onverts to a e+e− pair.
The observed low energy peak suggests ompleting the 2D study with a proess
similar to the one applied in the ase of the alibration of the energy deposited on
the alorimeter.
Results for the ECAL Calibration using P-Gun Photons7-dimensional t are sum-
marized in table 4.7. It an be seen that the parameters p5 and p6 orrespond to β
and γ values from equation 4.3.
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OUTER MIDDLE INNER
p1 (25.1±0.3) · 104 (41.9±0.0) · 104 (26.7±0.3) · 104
p2 (0.3±0.2) · 10−2 (−0.2±0.0) · 10−2 (−0.9±0.1) · 10−2
p3 (93.0±0.3) · 10−2 (127.5±0.1) · 10−2 (152.4±0.9) · 10−2
p4 86.5±0.2 81.3±0.1 68.8.8±0.1
p5(≡ β) 10.54±0.03 11.72±0.04 13.71±0.07
p6(≡ γ) (−0.8±0.1) · 10−2 (1.8±0.1) · 10−2 (−5.2±0.2) · 10−2
p7 (242.6±0.4) · 10−3 (307.9±0.4) · 10−3 (449.4±0.9) · 10−3
Table 4.7: Parameters onforming the Fz(x, y) t for the dierent regions
of the alorimeter.
The χ2/n.d.o.f values for the 7-dimensional t are 8.5, 5.9 and 4.1 for outer,
middle and inner region, respetively.
Figures 4.18, 4.20 and 4.22 show the 2-D distribution of the orretion to the
energy lost before the alorimeter in front of the PS energy (upper plot) and the
funtion that ts that distribution (bottom plot) for outer, middle and inner regions
respetively.
The tted funtion desribes approximately the shape of the distribution, al-
thought a ertain dierene an be observed when tting the highest points of the
distribution. The height of the low PS energy peak is underestimated by 30 %.
The same distributions are represented with ontour lines in gures 4.19, 4.21 and
4.23. The real auray of the adjustments an be observed on these distributions.
The result of the t for the energy orretion (EγMC − α · ECl) is shown, with a 10%
variation in β, as 3 lines on eah of the gures.
As a onlusion, although the adjustment does not reprodue the 3D-form exatly,
it represents orretly the variation of the ontour.
4.5.2 1D analysis
The objetive of this setion onsists on obtaining the parametrized expression of the
orretion due to the energy lost before the alorimeter following a proess similar to
that in setion 4.4.
The dierene between the MC energy of the photon and the missing energy in
the alorimeter, (EγMC − α · ECl), gives the energy lost before the alorimeter and it
is ompared with measured EPS.
The parametrization of the energy lost before the alorimeter is obtained by divi-
ding the sample in PS energy bins, and for eah bin representing the (EγMC−α ·ECl)
distribution. The sample used is this ase is formed only from photons that leave
energy in the PS, i.e. the sub-sample with EPS 6= 0. Eah bin ontains 2000 entries.
Again, for eah bin, entries are moved to the mean value of EPS for the studied
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Figure 4.18: Distribution of the energy lost before the alorimeter in
front of the PS energy (upper plot) and tted funtion for outer region
(bottom plot).
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Figure 4.19: Distribution of the energy lost before the alorimeter in
front of the PS energy (upper plot) and tted funtion for outer region
(bottom plot) represented by means of ontour lines.
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Figure 4.20: Distribution of the energy lost before the alorimeter in
front of the PS energy (upper plot) and tted funtion for middle region
(bottom plot).
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Figure 4.21: Distribution of the energy lost before the alorimeter in
front of the PS energy (upper plot) and tted funtion for middle region
(bottom plot) represented by means of ontour lines.
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Figure 4.22: Distribution of the energy lost before the alorimeter in
front of the PS energy (upper plot) and tted funtion for inner region
(bottom plot).
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Figure 4.23: Distribution of the energy lost before the alorimeter in
front of the PS energy (upper plot) and tted funtion for inner region
(bottom plot) represented by means of ontour lines.
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bin applying a sale fator. Nevertheless, this orretion is not so important here
sine the resolution is muh worst. The error is dominated by the error in ECl but
both quantities are similar and thus their dierene almost anels. Following the
same reasoning than setion 4.4, the following expression is used:




As in previous setion, by onstrution <(EγMC −α ·ECl)′> is equal to <(EγMC −
α · ECl)>.
For eah EPS bin n and alorimeter region r, the (E
γ
MC − α ·ECl)′n,r distribution
is represented and tted. As an be seen in gure 4.24, there is a small fration of
events for whih a orrelation is not observed. This is taken into aount by using a
linear polynomial (represented by parameters P4 and P5) in addition to a Gaussian
funtion in the t. From the adjustments, the value of <(EγMC − α ·ECl)>n,r for the
orresponding <EPS>n,r bin is obtained.
  65.61    /    53
P1   115.1   3.777
P2   1.027  0.1661E-01
P3  0.6343  0.1608E-01
P4   2.936  0.3907
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Figure 4.24: Example of (EγMC − α · ECl)′ distributions for two bins of
PS energy for the middle (left plot) and the inner region (right plot).
Finally, <(EγMC − α · ECl)> as a funtion of <EPS> is represented and the
parametrization for
∆ECALrec = β < EPS > + γ (4.15)
is obtained. The parameter β is the proportionality fator between the PS energy
and the energy lost before the alorimeter, and γ represents a possible oset in the
determined linear orrelation. As in the 2D analysis ase, β and γ are alulated
requiring EPS>10 MeV in order to allow a diret omparison of both results. Results
of the ts are summarized in table 4.8.





Table 4.8: β and γ alulated values for photons from the B sample.
Results for the ts are shown in gure 4.25 for the photons of the B sample.
Expressions 4.9 and 4.15 an be used to rewrite expression 4.4 as:
Eγrec = α < ECl > +β < EPS > +γ. (4.16)
This equation orresponds to the denitive expression of the orreted energy.
Notie that the value of c (oset found for α) is not used and therefore any possible
oset is absorved by γ.









Table 4.9: β and γ values for photons from the B sample for the 2D
analysis (normal text) and for the 1D analysis (bold text).
Another important point to omment is that γ value is roughly ompatible with
zero in both ases, whih onrms the absene of an energy oset in the orretion
proesses.
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  1569.    /    81
P1  0.7407E-01  0.2171E-02
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Figure 4.25: Mean value of (EγMC − αECl) as a funtion of the mean
value of the EPS in ase of photons of the B sample. This distribution is
shown for the dierent regions of the alorimeter: outer region (square
marks and solid line), middle region (triangular marks and dashed line)
and inner region (irular marks and dotted line). The points are t
using equation 4.15.
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4.6 Partile gun sample seletion
A partile gun photon is a generated MC event formed by only one photon. The pho-
ton is produed at the IP and therefore partiles produed in seondary interations
are diretly exluded. As there is only one photon per event, the number of lusters
deteted on the alorimeter is approximately one and the study of the reonstruted
energy is extremely simplied.
A sample omposed of 255k partile gun photons with dierent MC energies
(see table 4.10) has been produed to hek the parametrization of the reonstruted
energy that will be obtained using photons from the B-sample.
EγMC(GeV) n. of events angular distribution (rad.)
5 75 k 0.037-0.234
10 50 k 0.037-0.234
16.8 30 k 0.037-0.234
33.5 25 k 0.037-0.234
50 25 k 0.037-0.180
100 25 k 0.037-0.120
168.8 25 k 0.037-0.071
Table 4.10: MC partile gun sample omposition.
As an be seen in gure 4.26, the values of the energy have been seleted to be














Figure 4.26: Cluster energy distribution for the partile gun sample.
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The angular distributions for the ases of EγMC equal to 10 and 100 GeV are shown
in gure 4.27. The angular distributions have been seleted to fall into the duial
volume of the alorimeter. Photons from the partile gun sample have been generated
to present a at angular distribution in eah energy. The angular distribution is
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Figure 4.27: Angular distribution for the energy bins of 10 (left plot)
and 100 GeV (right plot). They both present a at distribution.
Figure 4.28 shows the luster energy distribution observed for photons with gene-
rated MC energy values EMC of 5, 10, 16.8 and 33.5 GeV. Plots have been superim-
posed around EMC in a range of 5 GeV in order to ompare their behaviour.
The distributions in the left plot from gure 4.28 are not entered on their EMC
values beause of loses produed before the alorimeter (orrespond to photons with
EPS 6= 0). In ase of photons that deposite all their energy in the ECAL (right plots
in gure 4.28), the dierent distributions are entered on the EMC value. In both
ases an be seen that dispersion inreases with energy. The distribution of the PS
energy depositions is shown in gure 4.29 for the same MC energy values.
The eets of both photon and luster uts are summarised in table 4.11. After
applying these uts, the MC sample has been redued to 254.6k (approximately a
99.8% of the initial sample).
From the seleted photons, 44.7% belong to the outer region, 31.3% to the middle
region, and 24.0% to the inner region. The at angular distribution auses that there
is relatively more statisti for the outer region than in the ase of the photons from
the B sample.
Only 13.3% of the seleted photons do not leave signal on the PS. This is similar
to the results obtained in the setion 4.3 for the photons of the B sample (∼ 16%)
4.6. Partile gun sample seletion 97
EMC 2.5 GeV-2.5 GeV EMC 2.5 GeV-2.5 GeV
Figure 4.28: Cluster energy distribution for all the photons of the partile
gun sample (left plot) and for photons without losses before ECAL (right
plot) entered on the given MC energy value EMC of 5 (full line), 10









0 0.05 0.1 0.15 0.2 0.25 0.3
EPS GeV
Figure 4.29: PS energy distribution (in ase of EPS 6= 0) for partile gun
photons with MC energy of 5 (full line), 10 (dashed line), 16.8 (dotted
line) and 33.5 GeV (dotted-dashed line).
and an be onsiderded as a behaviour test. Dierenes with photons of the B sample
an be explained by the dierent energy distribution.
Table 4.11 shows that photons of the partile gun sample are barely aeted by
the seletion uts. This is beause these photons are learly assoiated to the lusters
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EPS = 0(k) EPS 6= 0(k) EPS ≥ 0(k)
OUTER 14.6 99.2 113.8
MIDDLE 10.7 68.2 79.6
INNER 8.5 52.7 61.2
total 33.8 220.8 254.6
Table 4.11: Seleted partile gun photons oming for the 3 dierent
regions of the alorimeter after applying photon and luster uts.
on the alorimeter area. Therefore no problems arise in the lusterisation proess [53]
during the grouping ell step.
Unlike the ase of the photons of the B sample studied in setion 4.3, the applied
uts have a negligible eet.
4.7 ECAL Calibration using P-Gun Photons
4.7.1 ECAL Calibration
The distribution of the luster energy distribution for the partile gun sample is
disontinuous and presents peaks at eah of the MC energy values used to generate
the events listed in setion 4.6. Even so, the same method followed to alulate α in
the ase of photons of the B sample an be used here.
The only dierene is that one bin is dened for eah generated energy and thus
all photons in the bin have the same energy. This simplies the method, and avoids
the orretion fator due to the nite bin width, but on the other hand it redues the
number of points that will be tted to determine the parametrization (in partiular
there are no photons with energy lower than 5 GeV).
High energy photons present saturation in transverse momentum for large angles.
Therefore, no energy signal is found for 168 GeV in the outer region, as will be seen
in later results.
Following the proedure of setion 4.4, the values of <ECl> are alulated for
eah EMC energy bin using photons that have not lost energy before arriving the
ECAL (the ase with EPS = 0).
Both parameters α and the oset onstant c are obtained by tting the value
of <ECl> as a funtion of E
γ
MC for eah region of the alorimeter. The results of
these ts for the dierent regions of the alorimeter are shown in gure 4.30 and
summarized in table 4.12.





Table 4.12: α and c alulated values for photons of the partile gun
sample.
4.7.2 Resolution of the energy deposited in the alorimeter.
Following the same steps as in setion 4.4.1, the alorimeter energy resolution is
omputed for this sample.
The expression used in this t orresponds to the equation 4.10. The only die-
rene is that the parameter a1 of this equation has been omitted in the alulations
beause no signal is observed at low energies.
The resolution is plotted in gure 4.31 for partile gun sample on eah region of
the alorimeter.
Results are summarized in table 4.13. As in setion 4.4.1, the resolution is better





Table 4.13: Resolution values in the ECAL without energy lost in the
PS for photons of the partile gun sample.
4.7.3 Energy lost before the alorimeter
As in the ase of the photons of the B sample
1
, the 1D analysis has been applied
to photons of the partile gun sample when the energy lost before the alorimeter is
alulated. The obtained values for β and the ombined γ are shown in table 4.14.
These parameters show a great agreement with the parameter γ and β exposed in
table 4.9 when alulating the orretions using photons from the B-sample.
1
As for photons of the B sample photons, β alulation inludes a fator to redue the eet of
the bin size variation.
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P1  0.6186E-02  0.5982E-02
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Figure 4.30: Mean value of ECl as a funtion of E
γ
MC for partile gun
photons for the outer region (upper left plot), middle region (upper right






Table 4.14: β and γ values for the photons produed in the partile gun
sample.














Figure 4.31: Energy resolution as a funtion of the mean value of the
luster energy for photons of the partile gun sample. The resolution is
shown for the dierent regions of the alorimeter: outer region (square
marks and solid line), middle region (triangular marks and dashed line)
and inner region (irular marks and dotted line). The points are t
using equation 4.10
4.8 ECAL energy resolution
To alulate the error of the reonstruted energy Erec (equation 4.3), the sample
omposed by photons of the B is divided in bins of Erec and E
γ
MC is represented in
eah bin. The orretion orresponding to the bin size has been taken into aount.
A gaussian funtion is tted and σrec is obtained for eah bin. As in setion 4.4.1,









where a, b and c have the same behavior as in the luster resolution of the photons
of the B sample and for photons of the partile gun sample.
In gure 4.33 the dependene of the resolution in front of the reonstruted energy
is shown. In this ase, the energy range arrives to 70 GeV.
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The results of the resolution are summarized in table 4.15. The parameter c is




INNER 0.208± 0.002 0.181±0.001
Table 4.15: Resolution of the reonstruted energy for photons of the B
sample.
The same proess has been followed to nd the dependene of the resolution
with the energy on the PS after seleting previously a sample with similar EMC .
The sample is divided in EPS bins for eah region. For eah bin the resolution is
represented and tted using a Gaussian funtion to obtain the mean value.
In gure 4.34, it is shown that for a given MC photon energy, the average value
of the resolution of the reonstruted energy does not depend on the energy losses
due to the the interations with the PS.
4.9 Pull Distributions
One the parameters for both the reonstruted energy (α, β and γ) and its error
(a, b and c) of the photons are obtained, the pull distribution is alulated using the
equation 3.6 for the dierent regions of the alorimeter.
The results are shown in gure 4.35 for the outer region, in gure 4.36 for the mid-
dle region and in gure 4.37 for the inner region. In the upper plot the pull distribution
with the urrent onguration is shown. After applying the obtained parametriza-
tion (bottom plot), the mean value of the pull distribution improves learly in the
inner region. In the outer and the middle region the mean value are approximately
equal, however they have also improved to a similar value. As for the σ of the pull
distribution, the improvement is around the 20% for eah region and its value is
approximately 1.
4.10 Photon seletion without relation tool tables
In this hapter the energy reonstruted in the alorimeter has been parametrized by
using a sample onsisting of photons produed with a MonteCarlo algorithm.
The uts desribed in setion 4.3 have been applied to these photons (IP ut
and MC energy ut) and to the lusters deteted in the alorimeter (relation ut,
reonstrution ut, isolation ut and saturation ut).
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In order to simplify the alulation of the ratio between the MC photon energy
and the deteted lusters, the relation ut has been applied by using a DaVinci
Associator Tool , whih generates a table of photons and lusters related. This is
done as a prove of priniple of the method and a naif approah mathing generated
photons and alorimeter lusters has been used. From this table eah photon that
have been seleted has only one assoiated luster and vieversa. The relation ut is
applied in order to allow a relax in the isolation ut.
When applying the proedure to real data the Associator Tools are not available,
thus an alternative approah based in the distane between the projetion of the
photons and the lusters is explored. Results are ompared and in the later hapter
using eletrons only the seond method is used.
The evolution of the parameter α as the isolation ut of the studied luster in-
reases from three to eight ells is shown in gure 4.38 for the three dierent regions
of the alorimeter. In this plot an be seen that αinner beomes higher than αmiddle
above an isolation of 3.5 ells. Also, the α parameter beomes stable approximately
with an isolation of 6 ells. Therefore, the new isolation ut will be set to 6 ells.
The value of the α parameter for the dierent regions of the alorimeter for an





Table 4.16: New α value after isolation ut modiation.
From now on the partiles will be treated as if they were real data, i.e. further
alulations will be done without using the relation tool and inreasing the isolation
ut to 6 ells.
4.11 Conlusions
The aim of this hapter is to demonstrate that a parametrization of the reonstruted
energy an be obtained as a funtion of the energy deposited in the alorimeter and
the energy of the PS, as well as alulate a estimation of the error, taking as a a
referene the energy of the inident partiles. With this objetive, photons produed
in two B-deay hannels and photons omings from a partile gun sample have been
ompared with its assoiated alorimeter lusters. These photon samples have been
previously leaned applying uts to assure its isolation.
This proess has been realized separating those photons that deposite all their
energy in the alorimeter from those that present some losses before the ECAL.
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A method based on dividing the sample in MC energy bins has been introdued for
the orretion of the energy deposited in the alorimeter. After applying a orretion
due to the resolution of eah bin, it has be seen that the energy distribution of the
luster in eah bin learly ts with a gaussian funtion. The results from these ts
have given an aurated value of the onstant that desribes the gain/leakage eet
observed in the alorimeter. Also, the resolution of the luster an be alulated in a
very preise way.
The orretion of the energy lost before the alorimeter has been alulated by
one side using a 2-dimensional analysis and by the other side following the bin-based
method. Both proesses present a great agreement. The 2-dimensional analysis has
presented some diults due to the high densities at low energies, but the simi-
lar shape from both signal and tted distributions learly permits onlude that in
general terms the 2-dimensional analysis is useful. Calulations with the bin-based
method have proved that this proess an be applied to dierent resolution ranges.
Also, the ompatibility of the results between photons of the B sample and photons
of the partile gun sample demonstrate the reliability of this method.
As a nal hek, it an be observed through the pull distribution for the dierent
regions of the alorimeter that orreted energy values improves the error estimation
of the energy. This proves the goodness of the error parametrization.
In the last part of this hapter has been introdued real data analysis. This
study has demonstrated that the method appliated previously requires an small
modiation. This subjet will be studied with more detail in the following hapter.
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Figure 4.32: Mean value of (EγMC − ECAL) as a funtion of the mean
value of EPS in ase of partile gun photons. This funtion is shown
for the dierent regions of the alorimeter: outer region (square marks
and solid line), middle region (triangular marks and dashed line) and
inner region (irular marks and dotted line). The points are t using
equation 4.15.
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Figure 4.33: Energy resolution as a funtion of the reonstruted energy
for outer region (upper-left plots), middle region (upper-right plot) and
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Figure 4.34: Energy resolution of the reonstruted photons of the B
sample as a funtion of EPS for outer region (square marks and solid
line), middle region (triangular marks and dashed line) and inner region
(irular marks and dotted line).
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Figure 4.35: On the upper plot the pull distribution with the urrent
onguration for the deay hannels for outer region is shown. After
applying the parametrization found (bottom plot) , it an be seen that
the pull distribution is entered in 0 and the assoiated error is 1.
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  43.11    /    31
Constant   5328.   20.50
Mean  0.7672E-01  0.4652E-02
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  105.5    /    31
Constant   6534.   23.63
Mean  0.3168E-01  0.3280E-02
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Figure 4.36: On the upper plot the pull distribution with the urrent
onguration for the deay hannels for middle region is shown. After
applying the parametrization found (bottom plot), it an be seen that
the pull distribution is entered in 0 and the assoiated error is 1.
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  30.56    /    31
Constant   2501.   14.05
Mean  0.1108  0.6694E-02
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  47.59    /    31
Constant   3077.   16.27
Mean  0.4255E-01  0.4697E-02
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Figure 4.37: On the upper plot the pull distribution with the urrent
onguration for the deay hannels for inner region is shown. After
applying the parametrization found (bottom plot), it an be seen that
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Figure 4.38: Value of the parameter α by modifying the isolation ut
from 3 to 8 ells for the outer region (square marks), the middle region
(triangular marks) and the inner region (irular marks).
Chapter 5
ECAL Calibration with Eletrons
5.1 Introdution
In the previous hapter of this thesis a method for the alibration on the LHCb
ECAL detetor has been developed employing MC photons. The results have led
to a parametrization of the reonstruted energy for MC photons deteted on the
ECAL alorimeter. It takes the energies deteted on the ECAL and the PS into
aount. Finally these orretions and the parametrization of the resolution have
been applied to hek the pull distribution, testing that the reonstruted energy is
well orreted and its error well alulated.
Photons are not harged and therefore magneti elds do not aet their traje-
tories. This an be useful when alibrating the alorimeter system.
Nevertheless, when studying real data in the detetor, photons annot be deteted.
Being neutral partiles, photons do not leave signal anywhere on the traking system
of the detetor and their energy is not measured. Therefore, it will be very diult
to use the trak as a referene.
Unlike photons, eletrons are reonstruted using the traking system (V ELO,
TT , IT and OT ) and therefore their momentum an be measured and alibrated using
the invariant mass of the partiles. Nevertheless, the ionization of the eletron implies
a ontinuous loss of energy when rossing the material parts of the detetor. These
energy losses must be taken into aount in the omputation of the reonstruted
energy.
An important property of the eletrons that diereniate them from other partiles
is that they have a very large probability to emit a bremmstrahlung photon due to
the interation with the detetor material.
The eletron may emit before or after the magnet
1
. If the bremmstrahlung photon
is emitted before the magnet it will follow the original diretion of the eletron. If the
photon is emitted after the magnet, it will be projeted to the luster orresponding
1
By onstrution, there is no material into the magnet region and therefore there are no signiant
energy losses.
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to the eletron deeted by the magnet (gure 5.1). The presene of bremmstrahlung
photons produed before the magnet will be used to identify the eletrons.
In this hapter the method used to alibrate the alorimeter with eletrons oming
from a J/ψ is studied using events from the Bd → J/ψ(e+e−)Ks hannel. Setion 2
is dediated to apply some dierent uts to the reonstruted J/ψ partile to selet
a orret eletron/positron pair.
In setion 3 the partiles obtained from the J/ψ seletion are used to alulate
the alibration of the reonstruted energy. Final seletion will be done by using the
presene of the bremmstrahlung photons.
Setions 5.4 and 5.5 are dediated to parametrize the reonstruted energy. The
fration of lusters without signal in the PS for eletrons is onsiderably smaller than
for photons. Therefore, the proedure has to be dierent to the one used with photons
in the previous hapter, while the working method used to estimate the orretion
for the energy lost before the alorimeter is equal for photons and eletrons.
The resolution of the reonstruted energy for eletrons is alulated in setion
5.6. The nal results are tested by alulating the orresponding pull distribution in
setion 5.7.









Figure 5.1: Shemati illustration of Bremmstrahlung orretion. An
eletron may radiate photons when passing through material before or
after the magnet:in the rs ase, a well dened luster is seen in the
ECAL, with energy E1, while in the seond ase the Bremmstrahlung
energy forms part of the eletron luster with energy E2; for eletron
identiation E2 = p, the momentum measured in the spetrometer,
while the energy of the eletron at the origin E0 = E1 + E2.
5.2 J/ψ seletion
J/ψ produts when deaying in e+/e− will onform the sample used to determine the
alorimeter alibration.
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The use of the partile identiation information obtained from the alorimeter
would bias the sample. In order to avoid this bias, the partile identiation is done
without using the information of the andidate lusters. Therefore, all reonstruted
traks are onsidered potential eletron andidates. The resulting partiles are 'pair-
ombined' to produe J/ψ andidates. Cluster andidates to be bremmstrahlung
photons are searhed for eah trak. If they are found, their energy is added to the
one orresponding to the eletron trak before alulating the invariant mass of the
J/ψ partile.
The initial mass range observed for the J/ψ reonstrution proess omprises bet-
ween 2700 and 3400 MeV. Knowing that the experimental J/ψ mass is 3096.92±0.01
MeV, a signal region is dened in a mass window of 2950-3250 MeV. In the upper-left
plot of gure 5.2 the initial mass distribution is represented. The zone between the
two dashed lines orresponds to the signal region.
At this point, trak momentum and vertex position from the reonstruted an-
didates are the aessible variables to selet a lean J/ψ sample.
A series of uts on these variables are initially applied to the J/ψ produts in
order to redue the J/ψ ontribution outside the mass window:
• The χ2 of the unonstrained vertex t obtained from the trak ombination
forming the J/ψ andidate must be less than 8.
• The tranverse momentum from both partiles (pmint and pmaxt ) are requested to
be higher than 0.1 and 1.5 GeV respetively.
• Impat Parameter Signiane of both partiles (IPmin and IPmax) has to be
higher than 1.5.
The following step onsists on maximizing the ratio signal/bakground dened as:
ǫ ≃ J/ψin − 2 · J/ψout
2 · J/ψout , (5.1)
where J/ψin is the number of J/ψ andidates inside the mass window, while J/ψout is
the number of J/ψ andidates in a ontrol region between 3250 and 3400 MeV. The
region with lower masses annot be used due to the presene of the non-reonstruted
bremmstrahlung signal that ontaminates the sample at low energies. The fator 2
is inluded in order to ompensate the dierent sizes of the signal and the ontrol
region.
Ratio ǫ is maximized following an iterative method:





In order to assure low energy e+/e−, pmint value has been xed.
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• Eah parameter is modied maintaining the rest onstant until the number of
entries in J/ψout is redued to 10% and a new ǫf is omputed.
• The parameter that maximizes the inrease in ǫ replaes its initial value and
the proess is repeated.
New optimized J/ψ uts are obtained after applying this iterative method. In
gure 5.3 the evolution of the parameters after eah iteration step is shown. The
minimum and the maximum impat parameter signiane are related: the mini-
mum annot be greater than the maximum. The same happens with the minimum
and the maximum transverse momenta. As an be seen in this gure, the initial
bakground redution is ahieved by inreasing the impat parameter signiane.
Afterwards a ombination of the maximum transverse momenta and the impat pa-
rameter signiane variation is found as the optimal approah.
The proedure has been stopped when some signiant amount of signal starts to
be aeted (iteration step number 20). This iteration number at whih the proess
stops depends on the sample under study. In ase of working with a minimum bias
or with a bb inlusive sample, the optimization proess must be repeated. When
working with real data the number of iterations will be larger. For this iteration step
the obtained values are shown in table 5.1.











J/ψ andidates 553k 195k
e+/− ontent(%) 51.0 88.5
ǫ 0.83 3.41
Table 5.1: New parameter values and eets on the sample.
The omposition of the sample after applying the initial uts is shown in gure
5.4 and summarized for eletrons in table 5.1. This omposition is referred to the
fration of MC true partiles assoiated to the traks into the mass window. The
ase noID orresponds to ghost partiles and the ase opID represents eletrons
that have been reonstruted as positrons and vieversa. The MC information is
only shown for onsisteny hek but is not used in the later analysis.
The invariant J/ψ mass distribution for the andidates aepted and rejeted
by these optimized uts are presented as a full histogram and a dotted histogram
respetively in the upper-left plot of gure 5.2. The andidates in the signal region
are further studied in subsetion 5.2.1.
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The distribution of the dierent variables mentioned above is shown in upper-
right plot (χ2), middle-left plot (pmint ), middle-right plot (p
max
t ), bottom-left plot
(IPmin) and bottom-right plot (IPmax) in gure 5.2. The initial distribution of all
the variables is represented using a normal histogram, while the full histogram is
the distribution for the andidates that pass the optimized J/ψ uts. Dashed lines
orrespond to the value of the optimized ut.
After the J/ψ uts are applied, the fration of MC eletrons within the mass
window inreases to 88.5%, while the number of J/ψ andidates (inluding both
eletrons and other partiles) is redued to 35%. The omposition of the sample after
applying J/ψ uts is shown in gure 5.5.
Initially, an important ontribution to the J/ψ andidates omes from pion om-
binatorial bakground (36%). There is also a ontribution from kaons (6.9%) and
ghost partiles (4%).
After the optimized J/ψ uts are applied, the ontribution from partiles dierent
from eletrons or positrons is ostensibly redued. The only remaining ontribution
omes from pions (7.2%), ghost partiles (2.2%) and kaons (1.5%).
5.2.1 J/ψ andidates omposition study
Figure 5.6 shows the omposition of andidates from the ontrol region. As it was
expeted, ontributions from non-eletron partiles inreases outside the windows
mass. In this region the eletron ontent dereases to 61%. Contribution from pions
inreases to 25%. Can also be found also ontributions oming from ghosts (7%) and
kaons (4.8%).
Assuming that the ombinatoris bakground ontribution is the same in the
signal and the ontrol region (with higher masses), the frations of the ontrol region
are used to estimate the omposition of the signal. Using the number of pions as
normalisation both distributions are substrated.
As an be seen in gure 5.7, the ontribution of muons, protons, kaons and
non-identied partiles anel (within the available statistis), and the only relevant
ontribution to the urrent J/ψ signal are eletrons. The bakground substration
shows that 70% of the remaining ombinations in the signal region are fully reons-
truted J/ψ's.
5.3 Eletron-positron sample seletion
In this setion eletron/positron andidates oming from the previous J/ψ seletion
are studied to remove the remaining bakground.
Before the J/ψ uts were applied, there were 1106k traks in the studied sample.
After these uts, the number of eletron andidates is redued to 382.6k.
As it was done for photons, uts will be divided in two types: uts applied to the
eletron andidates and uts applied to the lusters deteted in the alorimeter.
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Figure 5.2: J/ψ mass distribution (upper-left plot), χ2 of the unon-
strained vertex t (upper-right plot), minimum transverse momentum
(middle-left plot), maximum transverse momentum (middle-right plot),
minimum impat parameter signiane (bottom-left plot) and maxi-
mum impat parameter signiane (bottom-right) plot. Initial dis-
tributions (open histogram) and distributions after applying J/ψ uts
(hathed histogram).
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Figure 5.3: Parameter variation (%) for eah iteration step.
Associated MC Id
Figure 5.4: Distribution of the partiles that are ombined to reonstrut
a J/ψ partile.
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Associated MC Id
Figure 5.5: Distribution of the partiles that are ombined to reonstrut
a J/ψ partile after the new uts are applied.
Associated MC Id
Figure 5.6: Composition distribution outside mass window after J/ψ
uts are applied.
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Associated MC Id
Figure 5.7: Composition distribution after beeing extrated bakground
signal.
The rst step onsists on the spei eletron seletion. As said before, the basi
harateristi used to distinguish eletrons from all other partiles is the emission of
a bremmstrahlung photon. Therefore, the seletion is done by means of the following
uts:
1. The photon projetion of the harged partile over the ECAL surfae (extrap-
olation of the trak without taking the eletron harge into aount) must fall
within the duial volume of the alorimeter. This means that the possible
bremmstrahlung photon must fall within the alorimeter aeptane (duial
ut).
2. Bremmstrahlung seletion. J/ψ andidates are kept if a bremmstrahlung pho-
ton of at least 0.5 GeV is mathed to at least one of the partiles that form the
original andidate (bremmstrahlung ut).
3. The energy of the harged partile should be in a medium range. A lower ut
of 0.5 GeV is imposed to avoid low energy partiles, as they would arrive to the
ECAL alorimeter having lost an important fration of their energy and would
not be well reonstruted. An upper limit of 70 GeV is imposed (energy ut).
Due to the ontinuous interation of harged partiles, the estimated energy of the
eletron/positron andidates at the tted J/ψ vertex annot be used as a referene
to alibrate the alorimeter. Instead, traks are extrapolated to a plane in front of
the alorimeter surfae. As an be seen in the plots in gure 5.8, the average value of
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the energy lost between the primary vertex and the ECAL surfae is approximately
70MeV.
Eletron uts are shown in gure 5.9. After applying these uts the number of
partiles in the J/ψ mass window is 253.8k. Results are summarized in table 5.2.
cuts remaining fraction(%) Entries(k)
fiducial cut 87.4 334.4
bremmstrahlung. cut 79.8 305.3
energy cut 87.6 335.4
total 66.3 253.8
Table 5.2: Remaining partiles after applying eletron uts.
The following step onsists on seleting the lusters that orrespond to the an-
didate traks. The uts are similar to the ones applied for the photon.
The uts applied to the lusters are:
1. Eletron energy deposits above the saturation limits due to the eletronis of
both the PS (energy higher than 234 MeV in a ell) and ECAL (transverse
energy higher than 10 GeV in a ell) are exluded (saturation ut).
2. The luster employed in alulations will be the losest to the eletron projetion
on the alorimeter surfae. This ondition replaes DaVinci Associator Tool
applied for photons (relation ut).
3. The seleted luster is required to be at most at 1.2 ells from the projetion
of the eletron trak at the alorimeter surfae (reonstrution ut).
4. Any other luster with a higher energy must be at least at a distane of 6 ells
from the seleted one (isolation ut).
In this way a good orrespondene between the trak and the seleted luster is
assured, whih is well isolated in the alorimeter.





Table 5.3: Remaining lusters after applying eah luster ut in the
sample separately (left olumn) and onseutively (right olumn).
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Figure 5.8: Normalized distribution of the energy lost by the eletron
trak in the region before the PS (upper left plot), between the PS and
the ECAL (upper right plot) and for the region before the alorimeter
(down plot).

















































Figure 5.9: Energy distribution of e+/− (upper left plot). The seleted
partiles are in a range between 0.5 and 70 MeV (dashed line). Distribu-
tion of the photon projetion over the alorimeter surfae (upper-right
plot). OUT ase means partiles whose photon projetion points out-
wards from the alorimeter, and HOLE ase means partiles with a
photon projetion pointing to the Beam Pipe region. Bremmstrahlung
energy distribution of the eletron as a funtion of the bremmstrahlung
energy of the positron (bottom plot).
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The eet on the sample for the rst and the seond ut are shown in gure 5.10.
The eletrons remaining in the sample after both eletron and luster uts have been
applied are summarized in table 5.4. As it is shown in table 5.3, the main ontribution
omes from the Relation ut
As an be seen in gure 5.11, after ombining all uts, the sample onsists of
97.3% e+/e− andidates. Remaining sample is formed by pions (1.5%), ghost partiles
(0.6%) and kaons (0.5%).
EPS = 0(k) EPS 0(k) all (k)
OUTER 1.5 94.6 96.1
MIDDLE 1.1 69.3 70.4
INNER 0.7 42.1 42.8
total 3.3 206.0 209.3
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Figure 5.10: The seleted partiles are loser than 1.2 ells to the nearest
luster (left plot). Dierene between studied luster and its nearest
luster as a funtion of their distane (right plot). The down-left region
is substrated.
5.4 ECAL alibration using J/ψ eletrons
Following the shema introdued with photons, the next step is to alulate the
alibration funtion ECALrec for the energy deposited in the alorimeter by eletrons.
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Associated MC Id
Figure 5.11: Composition distribution after beeing applied both eletron
and luster uts.
In the mentioned ase, photons did not leave energy in the PS on the 16% of the
ases.
As an be seen in gure 5.12, only a small fration of the eletrons (1.5%) do not
loss energy in the PS. The objetive is to alulate the alibration for the energy
that arrives to the alorimeter. The sample whih does not deposite energy in the
PS has not interated before the alorimeter and for that reason it is used. Beause
of the low signal in the PS in ase the eletrons, a dierent proedure must be found
to alulate the energy alibration funtion in ases without signal on PS. Moreover,
in the ideal ase it is expeted to nd some signal. If not, it an be due to some
pathologial behavior.
For eah region of the alorimeter, ve bands with respetive PS energy mean
values of 30, 60, 90, 120 and 150 MeV have been seleted. As an be seen in gure
5.12, the dierent bands partially overlap in order to work with enough statistis to
obtain aeptable ts.
Table 5.5 summarizes the number of entries and the mean value for eah PS
energy for the dierent regions of the alorimeter. The energy range is seleted to
have at least 10k events. Due to the low statistis of the sample, this riterion annot
be applied to the area orresponding to 30 MeV in the inner region.
In eah ase the width of the band is dierent in order to be able to provide
suient statistis to alulate the parametrization of the energy alibration. The
dierent ases are shown in gures 5.13 and 5.14.
The alibration of the energy deposited in the alorimeter has been alulated
following a similar proedure as with photons in setion 4.4. Instead of using the MC
energy, the reonstruted trak (without the ontribution from the bremmstrahlung
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Figure 5.12: PS energy distribution for the outer region (full line), mid-
dle region (dashed line) and inner region (dotted line) . Marked zones
orrespond to the studied bands of 30, 60, 90, 120 and 150 MeV.
<EPS>(MeV) OUTER MIDDLE INNER
30 12178 5733 2487
60 16267 13934 7551
90 14021 14228 13462
120 12318 14873 15001
150 12692 14276 11824
Table 5.5: Number of entries orresponding to eah PS bands for the
dierent regions of the alorimeter.
photon if exists) extrapolated to the front of the alorimeter is used. The energy of
the extrapolated trak (taking into aount losses due to multiple saterring in the
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detetor material), Eetr, is used as referene. See 3.2.1 for details of extrapolation
method.
The PS energy bands shown in shown in gures 5.13 and 5.14 have been divided
in bins of Eetr, eah bin with 500 entries.




(energy of the luster orreted due to the
nite bin width eet ) is obtained for eah one of these bins and tted by a gaussian
funtion, obtaining <E ′Cl>=< ECl>PS.
As an example, the band of <EPS>=60 MeV is hosen and dierent EMC bin
distributions are shown in gure 5.15.
The tted vaule <ECl> as a funtion of the reonstruted energy <E
e
tr> for the
band orresponding to <EPS>=60 MeV is represented and tted by a straight line
in gure 5.16, obtaining tting parameters P1 and P2.
The parameter AECAL = (P2)−1 gives the ECAL alibration onstant for ele-
trons that have lost a mean energy value of 60 MeV in the PS, while ΓCAL =
(−P1/P2) orresponds to the energy oset observed in this ase due to energy lost
before the ECAL. Both parameters are summarized in table 5.6 for the band of
<EPS>=60 MeV.




Table 5.6: ACAL and ΓCAL values for eletrons for the band of
<EPS>=60 MeV.
In gure 5.17 is represented ACAL as a funtion of <PS> energy for eah region
of the alorimeter.
The value of the funtion ACAL is approximately onstant as is expeted. There-
fore, the parameter ACAL an be tted with a onstant term and the obtained value
should represent the α observed for photons.
As shown in gure 5.18, a linear extrapolation to the oset ontribution parameter
ΓCAL an be applied. Following the same reasoning as before, ΓCAL is equivalent to
the parameter γα when is extrapolated down to the ase where EPS is equal to zero.
Results of these extrapolations are summarized on table 5.7.
The value of γα is not used to ompute β and γ parameters of the reonstruted
energy. Even thus, it is interesting to see how this parameter tends to 250 MeV
(unlike the photons, in whih it was approximately zero) as EPS goes to zero. This
dierene seems to indiate some systemati error in the trak extrapolation to the
alorimeter surfae.
By omparing results from table 5.7 with the α parameter orresponding to pho-
tons oming from a B hannel from table 4.4, it an be seen that the inrease fator of
α from outer to middle region for photons is similar to the ones for eletrons (∼1.5%).





Table 5.7: α and γα values orresponding to the extrapolated straight
line.
5.5 Calibrating the energy lost before ECAL
As outlined in setion 5.5, the following step of this alibration onsists on alulating
the orretion to the reonstruted energy due to losses before the alorimeter and
its error. The β and γ parameters will be alulated diretly with a 1-Dimensional
method to avoid ompliations with the high entry density orresponding to low
energies.
The full eletron sample is now divided in bins of EPS with 2000 entries and for
eah bin the missing energy after applying the ECALrec orretion is orreted for the
nite width of the EPS bins by means of the expression:




where ECALrec = α · ECl. As for the alulation of the parameter α, the referene
energy of the partile is given by the trak Eetr, instead of the MC energy of the
reonstruted partile used for photons. In this ase the energy of the trak is only
extrapolated to the SPD front fae so that all energy losses in this detetor are
orreted.
As in setion 5.5, (Eetr −ECALrec )′ distributions are tted using a gaussian funtion
and a straight line as it is shown in examples from gure 5.19 and <(Eetr − ECALrec )>
is obtained for eah <EPS> value.
In gure 5.20 <(Eetr − ECALrec )> as a funtion of <EPS> is represented for eah
region of the alorimeter and tted using an straight line. It an be observed that
the range of PS energy is muh bigger than the photons one. The values of P1 and
P2 obtained orrespond to γ and β parameters as an be seen on equation 4.15 from





Table 5.8: β and γ values for eletrons.
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where β is the proportionality fator between the PS energy and the energy lost
before the alorimeter, and γ is the oset energy term applied to the orretion.
5.6 Energy resolution for eletrons
To alulate the resolution of the reonstruted energy Erec orresponding to ele-
trons, the full sample is divided in bins of Erec and E
e
tr is represented in eah bin.
A gaussian funtion is tted and σrec is obtained for eah bin. The resolution is
parametrized as in equation 4.17.
The dependene of the resolution versus the orreted energy is shown in gure
5.21. Results are summarized in table 5.9.
a b c
OUTER 0.139±0.011 0.138±0.003 0.012±0.001
MIDDLE 0.249±0.013 0.128±0.005 0.021±0.001
INNER 0.372± 0.020 0.144±0.005 0.017±0.001
Table 5.9: Resolution for the orreted energy for eletrons.
The parameter a orresponding to low energies annot be omputed with high
preision due to the low statistis found in this energy range for eah region of the
alorimeter.
The dependene of the resolution with the energy on the PS is alulated by
dividing eah region in EPS bins and omputing its resolution as in setion 4.8. The
mean value of EPS as a funtion of resolution is shown in gure 5.22 for a mean value
of trak energy of 25 (inner region), 15 (middle region) and 10 GeV (outer region).
As an be seen there is no dependene observed in the measured resolution with
respet to the EPS, one the reonstruted energy (Erec) is xed.
5.7 Pull Distributions
As for photons in setion 4.9, one obtained the parameters α, β and γ for the
orreted energy of the eletrons, the parametrization for the orreted energy is
represented and used to alulate the pull distribution shown in equation 3.6.
The results are shown in gures 5.23, 5.24 and 5.25 for the outer, middle and
inner region respetively. In the upper plot the pull distribution with the urrent
default alibration is shown. After applying the newly alulated alibration (lower
plot), the width of the distribution is redued by approximately 50% and it is now
omplatible with 1 as expeted.
Also, the mean value of the pull distribution for all the regions has been improved.
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5.8 Conlusions
Eletrons are used in this hapter to test the alibration method (presented in the
hapter 4 for photons) as it an be used with real partiles.
A pre-seletion has been applied to a sample formed by J/ψ partiles to obtain a
lean sample of eletrons. This pre-seletion has improved the purity of the sample
by means of an iterative proess, inreasing the ratio signal/bakground from a fator
0.83 to a fator 3.41. Also, the initial eletron ontent in the sample of 51.0 % has
rised up to 88.5 %.
The fration of eletrons omposing the sample improves until reahing a 97.4%
after applying the uts to the J/ψ deay produts and to the lusters deteted in the
alorimeter.
The prinipal ontribution to this improvement is to require a bremmstrahlung
photon assoiated to one of the partiles. The other uts are similar to the ones
applied to the photons in the previous hapter, exept that the MC relation tool has
been replaed by seleting only the nearest luster to the eletron projetion over the
alorimeter.
Surviving andidates are used to parametrize the alibration of the ECAL. Al-
most all seleted partiles deposit energy in the PS. Therefore the alibration of the
deposited energy in the alorimeter is omputed by using dierent PS energy ranges.
The ratio between the energy of the trak and the measured energy is aproximately
onstant.
It an be also observed an important oset in the reonstruted energy. In prini-
ple this value would have to be equal to zero. This oset an be explained from gure
5.8: the upper-left plot of this gure theoretially shows the energy lost between the
PS and the ECAL. Its possible that the extrapolator tool used does not simulate
orretly the eet of the lead beause losses observed in this plot should be greater
than the observed ones. This oset has been obtained and parametrized by a straight
line.
The bin based method an be used diretly to ompute the alibration of the
energy lost before the alorimeter. Through this proess, the remaining parameters
that onform the parametrization of the reonstruted energy are obtained with a
high preision.
This method has also been used to alulate the resolution of the reonstruted
energy. The parametrization of the energy and the resolution show a good agreement
with the photons ones.
As for photons, no dependeny with the energy deposited in the PS has been
observed for the resolution. Finally, the hek of the pull distribution demonstrates
the validity of the obtained parametrization.
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Figure 5.13: PS energy distribution for outer region (full histogram),
middle region (dashed histogram) and inner region (dotted histogram)
for the divisions of 30 MeV (upper-left plot), 60 MeV (upper-right plot)
and 90 MeV (bottom plot). The studied bands are marked between
two full straight lines (outer region), two dashed straight lines (middle
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Figure 5.14: PS energy distribution for outer region (full histogram),
middle region (dashed histogram) and inner region (dotted histogram)
from the divisions of 120 MeV (left plot) and 150 MeV (right plot).
Studied bands are marked between two full straight lines (outer region),
two dashed straight lines (middle region) and two dotted lines (inner
region).
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Figure 5.15: E′Cl distributions for some bins of MC Energy for outer
region (upper plots), middle region (middle plots) and inner region (bot-
tom plots) orresponding to the division of 60 MeV.
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Figure 5.16: Mean value of the ECl as a funtion of the mean value of
the EγMC for eletrons orresponding to the division of 60 MeV for outer,
middle and inner region. The points are t using equation 4.9.
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Figure 5.17: Parameter ACAL as a funtion of <EPS> for outer region
(square mark), middle region (triangular mark) and inner region (irular
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Figure 5.18: Parameter γα as a funtion of <EPS> for outer region
(square mark), middle region (triangular mark) and inner region (irular
mark) . This value is extrapolated to 0 by tting an straight line to
determine γα.
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Figure 5.19: (Eetr −α ·ECl)′ example distributions for bin of PS energy
for outer region (upper plots) for middle region (middle plots) and for
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Figure 5.20: Mean value of (Eetr−ECALrec ) as a funtion of the mean value
of the EPS for eletrons. These plots are shown for the dierent regions:
outer region (square marks), middle region (triangular marks) and inner
region (irular marks). The points are t using equation 4.15.
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Figure 5.21: Energy resolution as a funtion of the reonstruted energy
for the outer region (upper-left plot), the middle region (upper-right plot)
and the inner region (bottom plot). The points are t using equation
4.10.
5.8. Conlusions 141
  55.60    /    25












0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225
  41.03    /    26












0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225
  14.63    /    11












0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225
Figure 5.22: Energy resolution as a funtion of EPS for the outer region
(upper-left plot), the middle region (upper-right plot) and the inner re-
gion (bottom plot).
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Figure 5.23: The pull distribution for eletrons with the urrent ong-
uration for outer region is shown in the upper plot. After applying
the energy orretions (bottom plot), it an be seen that the assoiated
error to the pull distribution is approximately 1.
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Figure 5.24: The pull distribution for eletrons with the urrent ong-
uration for middle region is shown in the upper plot. After applying
the energy orretions (bottom plot), it an be seen that the assoiated
error to the pull distribution is approximately 1.
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Figure 5.25: The pull distribution for eletrons with the urrent ong-
uration for inner region is shown in the upper plot. After applying
the energy orretions (bottom plot), it an be seen that the assoiated




In the previous hapters of this work, the reonstruted energy for the eletromagneti
alorimeter from LHCb detetor has been omputed using photons and eletrons.
With this aim, a sample of partiles (photons or eletrons) has been divided in
energy bins.
Depending on the ase, a gaussian t or a gaussian plus an straight line t has
been applied to eah bin to obtain the mean value and the dispersion of the orreted
energy distribution.
In this hapter the systemati error of the obtained alibration is studied. The
main soure of systematis studied are the tting tool and the uts applied to selet
the working samples.
Fitting tool MINUIT has been provided by PAW (Physis Analysis Worksta-
tion). PAW is an interative utility for visualizing experimental data on a graphis
omputer display. PAW an do a wide variety of tasks relevant to analyzing and
understanding physial data, whih are statistial distributions of measured events.
The method used to t the funtion is the χ2 method, helped with algorithms as
MIGRAD, HESSE and MINOS to minimize it.
Dierent error soures an be assoiated to the tting tool, as the number of
entries per bin, the number of divisions per bin, the tted region size or the algorithm
types. Information to ompute the error estimation an be provided by means of the
variation of these parameters.
Another error soure is given by the initial uts applied to the partile sample as
the isolation ut applied to the lusters, MC energy ut or origin vertex restrition.
The variation of these initial uts an also omplete the study of the error estimation.
In setion 6.3 of this hapter the error assoiated to the variation of tting tool
parameters applied to some dierent initial ut samples is studied. In setion 6.4 these
results are ompared for eah dierent region of the alorimeter. Finally, onlusions
will be exposed in setion 6.6.
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6.2 Systemati error proessing
6.2.1 Error assoiated to the tting tool
An analysis method has been followed along this work. This proedure is used both
for energy depositions in the alorimeter and for energy lost before the alorimeter,
although these samples present dierent properties as the energy resolution or the
amount of the sample. The obtained information has given a parametrization for the
reonstruted energy in the alorimeter.
This tting proess onsist on the following steps:
1. A sample omposed by pairs (Edet, Eexp), where Edet is the energy measured in
a detetor and Eexp is the energy expeted from this measurement, is binned.
The member of the pair with a better resolution will be used as a referene in
the binning proess, and renamed as Ebin. The other member, designated as
Edist, is represented and its distribution will be later analysed.
The binning proess is made with a spei number of entries per bin that
depends on the density of the signal.
For the studied ase of the energy deposited in the alorimeter, Ebin orresponds
to EMC for photons and Etr for eletrons, while for those partiles that loses
energy in the PS, the Ebin used is equal to EPS.
2. The distribution E ′dist = Edist
<Ebin>
Ebin
is tted with a gaussian to obtain an initial
mean value, dispersion value and the maximum value of the funtion.
3. From those values, an histogram with S sigmas around the average vaule (tted
region size) and divided on N bins (number of divisions per histogram)
is tted using a gaussian (eventually ombined with a lineal polinomïum desri-
bing the bakground) to obtain an auratted value for the initial parameters
(mean, sigma and maximum value).
The systemati error assoiated to the tting proess has been alulated by
inreasing and dereasing the number of entries in eah bin division (number of entries
per bin), the number of sigmas rounding the mean value (tted region size) and the
binned size for eah histogram (number of divisions per histogram). Finally, the
method used in the tting tool has been modied.
From these variations, 8 values (1 original + 7 variations) will be obtained for
eah region of the alorimeter in order to be able to ompute the error of the tting
tool.
6.2.2 Error assoiated to the uts applied to the sample
In order to study the error assoiated to the variation of the sample, three uts applied
initially both to the photons and to the eletrons will be modied separately for the
8 dierent ases from setion 6.2.1.
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The modied parameters are:
1. The MC energy E
γ




2. The distane dov−IP between the origin vertex and the interation point.
3. The distane dclγ/e−cl1 between the nearest luter to the studied partile and its
surrounding luster.
When ombining the modiation of the three uts the sample is redued appro-
ximately a 25 % in both ases. Therefore, the error obtained from these uts an be
onsidered as independent.
6.2.3 Global error omposition
The systemati error for eah parameter of the reonstruted energy (α, β and γ) has
4 ontributions.
In the ase of the parameter α the rst ontribution is assoiated to the tting
tool and is given by the expression:
Eαtool =
α0√










where α0 ≡ αcase=1cut=0 is the value obtained from setion 4.10 and <α>cut is the
mean value of the parameter α over the 8 studied ases (Ncases) for eah dierent ut.
Ncut is equal to 4 and is the number of variations on the ut onditions. The
option cut = 0 orresponds to the initial uts applied to both photon and eletron
samples, cut = 1 orresponds to the variation of EγMC/E
e
tr, cut = 2 is the derease of
dov−IP and cut = 3 is the inrease of dclγ/e−cl1 .
The remaining ontributions to the error are those assoiated to the variations of










where i=1,3 are the uts previously exposed.
The parameters β and γ are alulated from α. Therefore systemati errors should
be alulated taking into aount the errors assoiated to α. The proess followed
onsists on alulating both parameters from three ases:
• Supposing that the obtained parameter α0 is orret with the new uts applied
(β = β(α0) and γ = γ(α0)).
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• Supposing that the value of α has been underestimated (β = β(α0 +0.002) and
γ = γ(α0 + 0.002)).
• Supposing that the value of α has been overestimated (β = β(α0 − 0.002) and
γ = γ(α0 − 0.002)).
Eβtool =
β0√











where β0 ≡ β(α0)case=1cut=0 is the value obtained from setion 4.10. The parameter
αj is the value of α if it onsidered orret (j=0), it has been understimated (j=1) or
overestimated (j=2). Nα is the normalization fator that inludes these options and
is equal to 3. < β(αj) >cut is the mean value of the parameter αj over the 8 studied
ases (Ncases) for eah dierent ut.













The error assoiated to the parameters β and γ are alulated in the same way.
Finally, the dierents errors are summed quadratially for eah parameter:
Eα,β,γsys =
√
(Eα,β,γtool )2 + (Eα,β,γcut=2)2 + (Eα,β,γcut=3)2 + (Eα,β,γcut=4)2 (6.5)
6.3 Systemati error for the α parameter
In ase of the α parameter, the error assoiated to the three dierent uts is alulated
by reduing the sample in an approximately 10% for eah ut type. The variation of
the uts and the eet on the photon sample is shown in table 6.1.
orig. cuts dclγ−cl1>6.3 ells E
γ
MC
>1.2 GeV dov−IP<85 mm
OUTER 12.3k 11.1k(90.3%) 11.1k(90.2%) 10.9k(89.4%)
MIDDLE 14.6k 13.2k(90.3%) 13.3k(90.9%) 13.1k(90.2%)
INNER 15.8k 14.3k(90.2%) 14.5k(91.4%) 14.2k(89.9%)
Table 6.1: Eet of the dierents types of uts applied on the photon
sample.
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In the ase of photons, the variation of dclγ−cl1 and dov−IP is the same for the
dierent regions of the alorimeter, while the minimum value of the MC energy rises
up to 1.2 GeV.
In addition to the uts modiation, parameters assoiated to the tting tool
have been modied to nd the systemati error assoiated to the t. Eight ases
are studied. On the rst ase are observed the original t parameters applied to
the sample. In following ases only one parameter has been modied in the tting
proess:
1. Original t parameters: 500 entries per bin, 40 division per histogram and ±6
sigmas around the average value. The minimize method used initially is the χ2
method.
2. Fitted region size of ±5 sigmas around the average value.
3. Fitted region size of ±7 sigmas around the average value.
4. 30 divisions per histogram.
5. 50 divisions per histogram.
6. 1000 entries per tted bin.
7. 250 entries per tted bin.
8. Minimize method used is the Log Likelihood method and bins with errors=0
are exluded of the t.
Values of the parameter α for the photons sample after all the variations are shown
in gure 6.1.
The dierent errors are alulated from expressions 6.1, 6.2 and 6.5 . The results
and the systemati error are summarized in table 6.2 for photons and eletrons.
Eαtool Eαcut=1 Eαcut=2 Eαcut=3 Eαsys
OUTER
0.8 · 10−3 1.0 · 10−3 1.0 · 10−3 1.1 · 10−3 1.9 · 10−3
0.5 · 10−3 1.4 · 10−3 0.9 · 10−3 0.6 · 10−3 2.0 · 10−3
MIDDLE
0.8 · 10−3 0.3 · 10−3 0.7 · 10−3 0.6 · 10−3 1.3 · 10−3
0.4 · 10−3 0.6 · 10−3 0.9 · 10−3 1.0 · 10−3 1.5 · 10−3
INNER
0.8 · 10−3 1.0 · 10−3 0.6 · 10−3 0.5 · 10−3 1.3 · 10−3
0.4 · 10−3 0.7 · 10−3 0.9 · 10−3 0.6 · 10−3 1.4 · 10−3
Table 6.2: Errors assoiated to the tting tool and to the variation of the
uts applied for the parameter α for photons (normal text) and eletrons
(bold text).
Finally, denitive values of the parameter α inluding both statistial and sys-
temati errors are shown in table 6.3.
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Figure 6.1: α values of the photons sample after applying the original
uts (upper-left plot), for the variation of dclγ−cl1 ut (upper-right plot),
the variation of EγMC ut (bottom-left plot) and the variation of dov−IP
ut. These plots are shown for the outer region (square marks), middle
region (triangular marks) and inner region (irular marks).











Table 6.3: Final α values for photons (normal text) and eletrons (bold
text). The rst error value orresponds to the statistial error and the
seond error value orresponds to the systemati error.
6.4 Systemati error for the β parameter
As in setion 6.3, the systemati error due to the t is studied by modifying the
parameters assoiated to the tting tool. The ases studied are the following:
1. New t parameters: 200 (outer region), 150 (middle region) and 300 (inner
region) entries per bin; 40 (outer region) and 30 (middle and inner regions)
divisions per bin; and ±6 sigmas (outer and middle regions) and ±5 sigmas
(outer and middle regions) around the average value. The minimize method
used initially is the χ2 method.
2. Fitted region size around the average value dereased by 1 sigmas.
3. Fitted region size around the average value inreased by 1 sigmas.
4. Number of divisions per histogram dereased by 5.
5. Number of divisions per histogram inreased by 5.
6. Number of entries per tted bin dereased by 20.
7. Number of entries per tted bin inreased by 20.
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8. Minimize method used is the Log Likelihood method and bins with errors=0
are exluded of the t.
The new uts applied to the photons sample are summarized in table 6.4. As
in setion 6.3, three parameters will be modied separately to redue the sample
approximately in a 10%: isolation ut (dclγ/e−cl1) , minimum MC photon energy
EγMC (E
e
tr in ase of eletrons) and origin vertex ut (dov−IP ).
orig. cuts dclγ−cl1>6.5 ells E
γ
MC
>6.5 GeV dov−IP<82.5 mm
OUTER 1.38k 1.25k(90.2%) 1.24k(90.0%) 1.24k(89.4%)
MIDDLE 1.58k 1.42k(90.1%) 1.44k(90.9%) 1.43k(90.1%)
INNER 3.89k 3.50k(90.1%) 3.47k(89.4%) 3.48k(89.5%)
Table 6.4: Eet of the dierents types of uts applied on the sample.
Following the shema shown in previous setion, the dierent values of the pa-
rameter β of the photons sample are shown in gures 6.2, 6.3 and 6.4. These three
ases orrespond to the ommented variations on α. Errors assoiated to the tting
tool and to the variations on the uts are alulated from expressions 6.3 and 6.4 and
summarised in table 6.5 for photons and eletrons. Systemati error is obtained from
expression 6.5.
Finally, the global results orresponding to the parameter β are shown in table
6.6 for photons and eletrons.
Eβtool Eβcut=1 Eβcut=2 Eβcut=3 Eβsys
OUTER
0.39 0.36 0.38 0.39 0.76
0.02 0.06 0.05 0.10 0.13
MIDDLE
0.32 0.29 0.32 0.29 0.61
0.03 0.09 0.09 0.13 0.19
INNER
0.26 0.23 0.23 0.27 0.50
0.05 0.20 0.12 0.16 0.29
Table 6.5: Errors assoiated to the tting tool and to the variation of the
uts applied for the parameter β for photons (normal text) and eletrons
(bold text).
6.5 Systemati error for the γ parameter
The proess followed when alulating the error assoiated to the γ parameter is equal
to the ones used in setion 6.4 for the β parameter.
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systematic error check
Figure 6.2: β values for the photons sample orresponding to α′ = α after
applying the new uts (upper-left plot), the modiation on the isola-
tion ut (upper-right plot), the modiation on the MC energy thres-
hold (bottom-left plot) and the modiation on the origin vertex ut
(bottom-right plot) for the eight tting proesses exposed previously.
Marks orrespond to outer (square marks), middle (triangular marks)
and region (irular marks).
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systematic error check
Figure 6.3: β values for the photons sample orresponding to α′ = α +
0.002 after applying the new uts (upper-left plot), the modiation on
the isolation ut (upper-right plot), the modiation on the MC energy
threshold (bottom-left plot) and the modiation on the origin vertex
ut (bottom-right plot) for the eight tting proesses exposed previously.
Marks orrespond to outer (square marks), middle (triangular marks)
and region (irular marks).
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systematic error check
Figure 6.4: β values for the photons sample orresponding to α′ = α −
0.002 after applying the new uts (upper-left plot), the modiation on
the isolation ut (upper-right plot), the modiation on the MC energy
threshold (bottom-left plot) and the modiation on the origin vertex
ut (bottom-right plot) for the eight tting proesses exposed previously.
Marks orrespond to outer (square marks), middle (triangular marks)
and region (irular marks).
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systematic error check
Figure 6.5: γ values for the photons sample orresponding to α′ = α after
applying the new uts (upper left plot), the modiation on the isolation
ut (upper right plot), the modiation on the MC energy threshold
(bottom left plot) and the modiation on the origin vertex ut (bottom
right plot) for outer (square marks), middle (triangular marks) and inner
(irular marks) region. γ values are alulated for the eight tting
proesses exposed previously.











Table 6.6: Final β values for photons (normal text) and eletrons (bold
text). The rst error value orresponds to the statistial error and the
seond error value orresponds to the systemati error.
The dierent errors obtained after the variations on the uts and on the tting
tool onditions (same variations as for β ase) are shown in gures 6.5, 6.6 and 6.7 for
photons, and summarized in table 6.7 for both the photons and the eletrons sample.
Finally, the values of the parameter γ inluding the statistial error and the sys-
temati error are shown in table 6.8 for the dierent regions of the alorimeter.
Eγtool Eγcut=1 Eγcut=2 Eγcut=3 Eγsys
OUTER
0.22 · 10−1 0.19 · 10−1 0.21 · 10−1 0.19 · 10−1 0.41 · 10−1
0.01 · 10−1 0.05 · 10−1 0.03 · 10−1 0.05 · 10−1 0.08 · 10−1
MIDDLE
0.8 · 10−1 0.3 · 10−1 0.7 · 10−1 0.6 · 10−1 1.30 · 10−1
0.03 · 10−1 0.09 · 10−1 0.11 · 10−1 0.14 · 10−1 0.20 · 10−1
INNER
0.8 · 10−1 1.0 · 10−1 0.6 · 10−1 0.5 · 10−1 1.50 · 10−1
0.05 · 10−1 0.18 · 10−1 0.09 · 10−1 0.14 · 10−1 0.25 · 10−1
Table 6.7: Errors assoiated to the tting tool and to the variation of the
uts applied for the parameter γ for photons (normal text) and eletrons
(bold text).
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systematic error check
Figure 6.6: γ values for the photons sample orresponding to α′ = α +
0.002 after applying the new uts (upper left plot), the modiation on
the isolation ut (upper right plot), the modiation on the MC energy
threshold (bottom left plot) and the modiation on the origin vertex ut
(bottom right plot) for outer (square marks), middle (triangular marks)
and inner (irular marks) region. γ values are alulated for the eight
tting proesses exposed previously.
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systematic error check
Figure 6.7: γ values for the photons sample orresponding to α′ = α −
0.002 after applying the new uts (upper left plot), the modiation on
the isolation ut (upper right plot), the modiation on the MC energy
threshold (bottom left plot) and the modiation on the origin vertex ut
(bottom right plot) for outer (square marks), middle (triangular marks)
and inner (irular marks) region. γ values are alulated for the eight
tting proesses exposed previously.











Table 6.8: Final γ values for photons (normal text) and eletrons (bold
text). The rst error value orresponds to the statistial error and the
seond error value orresponds to the systemati error.
6.6 Conlusion
In the dierent setions of this hapter the determination of the parameters of the
ECAL energy alibration (α, β and γ) has been ompleted by alulating their sys-
temati error.
Systemati error is alulated from two soures: the tting tool and the uts
applied initially to the sample. By one side, the fators dening the tting tool prop-
erties have been slightly modied to obtain dierents values of the three parameters;
and by the other side three uts have been modied to redue the sample in a small
fration.
Systemati error has been nally obtained by summing the four results as if they
were independent.
The parameter α inreases approximately 0.13% from outer to middle region and
0.04% from middle to inner region. The global error (statisti and systemati) asso-
iated to eah region is nearby to 0.025%. Therefore, the orretion applied to the
energy deposited in the alorimeter is of this order as well.
Chapter 7
Conlusions
LHCb is one of the six LHC experiments developed at CERN . It onsists in a
forward spetrometer with planar detetors. A alorimeter system (formed by a pre-
shower detetor, an eletromagneti alorimeter and a hadron alorimeter) measures
the energy of the partiles resulting from the proton-proton ollisions produed in
the LHC experiment.
The main objetive of this work has been to study the alibration of the eletro-
magneti alorimeter from the LHCb detetor.With this aim, a method to alibrate
the energy deposited in the ECAL has been designed, developed and heked.
As a rst step, photons generated with a MonteCarlo simulation have been used
to test the method. Some of the information from the MC photons will not be
available during the experiment when working with real data. Therefore, the natural
following step has been to apply the alibration method with reonstrutible partiles
as eletrons.
The alibration method is done omparing the energy measured with an energy
referene (MonteCarlo energy in ase of photons and reonstruted trak energy in
ase of eletrons). A parametrization omposed by two terms is obtained: one ontri-
bution proportional to the energy of the luster and another ontribution proportional
to the energy deposited in the PS. Also, a parameter γ to desribe possible energy
osets has been inluded. The expression of the parametrization is given by the
expression:
Erec = αE3×3 + βEPS + γ,
The samples studied are divided initially in two sub-samples: one orresponding
to the partiles that have deposited all their energy in the eletromagneti alorimeter
and a seond sub-sample omposed by the partiles that have started the development
of the shower before arriving at the alorimeter. The energy deposited in the PS is
used to separate those samples.
Photons are seleted from a sample omposed by two B-deay hannels: B → K∗γ
and B → ωγ. Eletrons oming from a J/ψ are studied using events from the
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Bd → J/ψ(e+e−)Ks hannel. A series of uts have been applied to both samples to
redue them to ases where there is a lear one to one orrelation between the referene
partile and the reonstruted ECAL luster. Furthermore, isolation riterion have
been applied to avoid eets from other nearby partiles.
The parametrization of the reonstruted energy in the alorimeter and its resolu-
tion have been alulated with high preision using the photon sample. Two dierent
methods have been used to determine the orretions for the enery lost before entering
the alorimeter. This two results have been demonstrated a good agreement.
This analysis is ompleted applying the method to the eletron sample. In ase of
the eletrons, uts have been applied rst to identify J/ψ partiles and later to the
seleted eletrons. After all uts are applied, the eletron sample shows a purity of
97.4%.
Unlike photons, almost all the eletrons deposite some of their energy in the
PS (99% for eletrons in front of 84% for photons). Therefore, an alternative way
has been looked for to alulate the parametrization of the energy deposited in the
alorimeter. The value of the ECAL alibration onstant has been determined for
samples with dierent energy depositions on the PS. As a result, it has been ob-
served that the value is the same for all the samples and that it an be obtained
independently of the PS energy.
When studying the resolution it has been shown that for a given reonstruted
energy it has no dependene on the amount of the energy measured in the PS.
In table 7.1 the values of the parameters desribing the parametrization of the
alibration are shown.
The error alulated inludes the statistis and the systematis. Systemati errors
assoiated both to the tting tool and the uts applied to selet the sample are
inluded. The parameters α and β show a good ompatibility between photons and
eletrons. The error assoiated to α is approximately a 2%, while β presents an error
between 2% for eletrons and 10% for photons. The value of γ is ompatible with 0
for the photons sample, while in ase of eletrons γ is far from 0, probably due to
problems assoiated to the extrapolation tool.
The ompatibility between the results obtained for photons and eletrons shows
that the proposed method an be applied to real data. The onstant will be deter-
mined using an eletron sample and an be applied for both eletrons and photons
reonstruted in the alorimeter.
163










Table 7.1: Final α, β and γ parameters orresponding to the
parametrization of the energy alibration alulated with photons (nor-
mal text) and eletrons (bold text).
Appendix A
Bremmstrahlung seletion
The bremmstrahlung photon an be onsidered, together with the J/ψ seletion,
the key of the eletron/positron seletion. Taking the symmetry of the hannel into
aount, the rst two ases mentioned previously must have a similar number of
partiles and similar properties. In this ase, the results from the rst two ases
would be ombined in the third ase to obtain more statistis.
In order to verify this similar behavior, the ratio between the energy of the ele-
troni reonstruted trak and the energy of the luster has been alulated for a
mean PS energy value of 60 MeV (ACAL value) for both ases. Also the deviation
from the origin has been observed (ΓCAL).
ACAL ΓCAL fration(%)
OUTER 0.990±0.001 0.893±0.007 43.32%
MIDDLE 1.004±0.001 0.976±0.012 36.07%
INNER 1.012±0.001 1.069±0.017 20.60%
Table A.1: α, γα for a PS energy of 60 MeV and signal fration or-
responding to eah region for partiles with a bremmstrahlung energy
greater than 0.5 GeV.
ACAL ΓCAL fration(%)
OUTER 0.992±0.001 0.877±0.009 43.39%
MIDDLE 1.003±0.001 0.974±0.012 35.90%
INNER 1.010±0.001 1.085±0.015 20.69%
Table A.2: α, γα for a PS energy of 60 MeV and the signal fration
orresponding to eah region for partiles with a omplementary partile
with a bremmstrahlung energy greater than 0.5 GeV.
Statistis are shown in table A.1 and in table A.2. As an be seen, both ases
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Figure A.1: J/ψ mass distribution before (full line) and after (dashed
line) the bremmstrahlung ut (left plot). Extrated signal by applying
bremmstrahlung ut (right plot).
share the same properties.
In the rst ase 234.7k partiles were seleted, while in the seond ase 214.4k
partiles passed the dierent uts. If both ases are ombined the number of partiles
grows up to 305.3k. Statistis is inreased approximately a 36%
In the left plot of gure A.1 the J/ψ mass distribution before (full line) and after
(dashed line) applying the bremmstrahlung ut are shown. Ratio S/B is not improved
by applying bremmstrahlung ut beause B is omputed taking into aount only the
right side of the distribution.
Nevertheless, it an be seen that the mass distribution presents more symmetry




Aquesta tesi proposa un mètode per poder alular la parametritzaió de l'energia
reonstruida en el alorímetre i la seva resoluió. La parametritzaió es basa en el
fet en el que les partíules poden ser separades en dues submostres: la fraió de
partíules que deposita tota la seva energia al alorímetre i la fraió de partíules




rec (ECl) + ∆E
CAL
rec , (B.1)
El terme ECALrec (ECl) es pot parametritzar mitjançant un polinomi lineal de la
forma:
ECALrec (ECl) = αECl + c, (B.2)
que depèn de la energia del luster. El paràmetre α dona la relaió entre la energia
orregida i la energia al luster. El terme c s'introdueix per permetre un ert oset.
Les pèrdues d'energia es poden alular a partir de l'informaió del PS. Llavors,
l'expressió orresponent a ∆ECALrec es parametritza de la forma:
∆ECALrec ≡ ∆ECALrec (EPS) = βEPS + γ (B.3)
Finalment, l'energia reonstruïda al alorímetre s'esriu de la forma:
Erec = αECl + βEPS + γ, (B.4)
La primera part de l'anàlisi s'ha realitzat amb fotons generats amb una simulaió
MonteCarlo. Després, aquest mateix anàlisi s'ha fet amb eletrons, partíules que es
poden reonstruir al detetor.
El mètode de al·libraió proposat ha onsistit en dividir les submostres en bins
d'energia (gura B.1). En el as de ECALrec (ECl), aquesta serà l'energia de la partiula
(Energia MonteCarlo pels fotons y energia de la traça sense l'energia del fotó bremm-
strahlung assoiat pels eletrons). En as de que ∆ECALrec , el paràmetre emprat és
l'energia depositada en el PS.
167








1 1.25 1.5 1.75 2 2.25 2.5 2.75 3
EPS
Figure B.1: Mostra de fotons MC dividida en bins amb la mateixa
estatístia per a la regió middle del alorímetre.
A la gura B.2 es mostra el proés de orreió de l'energia depositada al aloríme-
tre per dos bins de la regió externa del alorímetre per fotons. Els dos plots superiors
mostren la distribuió d'energia MC. Als plots del mig es pot veure la distribuió
de la energia en el luster del alorímetre. Per failitar-ne l'anàlisi, la distribuió es
orregeix multipliant per un fator que disminueixi l'efete de la resoluió del bin.
Cadasun d'aquests bins d'energia s'ha tat amb una funió gaussiana (o una
gaussiana i un polinomi lineal per representar el soroll) del tipus:









En el as de que les partíules depositin tota la seva energia en el alorímetre, la
orreió te la forma de:




mentre que en el as de que les partíules perdin energia abans d'arribar al
alorímetre, la orreió es de la forma:
(∆ECALrec )







































14 16 18 20 22
GeV
  25.42    /    34
Constant   33.66   2.006
Mean   1.042  0.6901E-02










0.6 0.8 1 1.2 1.4
GeV
  59.33    /    32
Constant   21.62   1.277
Mean   17.82  0.1340









14 16 18 20 22
GeV
  28.43    /    34
Constant   33.83   2.022
Mean   1.041  0.6831E-02











0.6 0.8 1 1.2 1.4
GeV
  20.69    /    18
Constant   91.16   5.642
Mean   18.11  0.2621E-01







14 16 18 20 22
Figure B.2: Proéss de orreió per l'efete de bin nit per dos bins de
la regió outer del alorímetre.
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Com es pot veure a la gura B.3, en el as del fotons un 16% de les partíules
depositen energia en el PS. Per tant, es poden estudiar les dues mostres per separat.
Per altre ostat, sols l'1% dels eletrons deposita tota la seva energía en el alorímetre.
Això provoa que s'hagi analitzat d'una forma distinta la mostra d'eletrons per poder
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Figure B.3: Figura de l'esquerra: distribuió de energia depositada en
el PS per fotons. Figura de la dreta: distribuió d'energia depositada
per la regió outer (línea ontinua), la regió middle (línea disontínua) i
la regió inner (línea puntejada). Les zones marades orresponen a les
regions de 30, 60, 90, 120 and 150 MeV.
A la gura B.4 es mostra la distribuió d'energia en el luster om a funió de
l'energia MC del fotons per les diferents regions del alorímetre. De l'ajust lineal
d'aquestes distribuions s'obté el valor del paràmetre α. Els valors obtinguts es





Table B.1: Paràmetres α i c pels fotons.
A partir de l'assimetria mostrada a les distribuions dels fotons a la gura B.5,
s'ha estudiat la orreió a l'energia perduda abans del alorímetre (a més del mètode
de divisió per bins) mitjançant un anàlisi en dues dimensions. Els resultats pels dos
asos es mostren a la taula 4.9.
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Figure B.4: Distribuions d'ECl per alguns bins d'energia MC Energy
per la regió outer (plots superiors), per la regió del mig (plots del mig)
i la regió inner (plots inferiors).
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Figure B.5: Distribuió d'(EγMC − αECl) om a funió de l'energia en
el PS amb una representaió 2-dimensional (plot de l'esquerra) i una








Table B.2: Valors del paràmetres β i γ per fotons obtinguts amb l'anàlisi
2-dimensional (text normal) i per l'análisi 1-dimensional (text en ne-
greta).
La distribuió de la resoluió pels fotons es mostra a la gura B.6 i els valors
trobats després de tar les distribuions amb l'equaió B.8 venen donats a la taula
B.3. El paràmetre c de l'ajust es igual a 0 per totes les regions del alorímetre.





INNER 0.208± 0.002 0.181±0.001
Table B.3: Resoluió de l'energia reonstruïda per fotons.
strahlung abans o després del magnet.
El primer pas ha estat sel·leionar mitjançant un tall els eletrons a partir d'una
mostra omposta per J/ψ's. La distribuió de masses de la J/ψ es mostra a la gura
B.7. La distribuió de ID de les partíules que es ombinen per reonstruir una J/ψ
després d'apliar els talls orresponents es mostra a gura B.8.
Com quasi tots els eletrons depositen energia en el PS, es divideix la mostra
en fraions d'energia del PS per obtindre el valor del paràmetre α. Per aquestes
fraiones es repeteix el mateix proess que en el as del fotons. El valor de α s'extrau
de ajustar una onstant als valors obtinguts a α que es mostren a la gura B.9.





Table B.4: Valors d'α i γα orresponents a l'extrapolaió de la reta.
A partir d'aquest punt, el proes usat per alular la orreió a l'energia perduda
abans del alorímetre es el mateix que l'emprat pels fotons amb el mètode de divisió
per bins. Els ts es mostren a la gura B.10 i els resultats es mostren a la taula B.5.





Table B.5: Valors de β i γ per eletrons.
Un important resultat es que s'observa tant pels fotons om pels eletrons que la
resoluió de l'energia es independent de l'energia en el PS om es mostra a la gura
B.12 pels fotons i a la gura B.13.
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a b c
OUTER 0.139±0.011 0.138±0.003 0.012±0.001
MIDDLE 0.249±0.013 0.128±0.005 0.021±0.001
INNER 0.372± 0.020 0.144±0.005 0.017±0.001
Table B.6: Resoluió de l'energia orregida pels eletrons.
El àlul de els valors de α, β i γ es ompleta alulant el error sistemàti donat
per l'eina d'ajust i els talls apliats a la mostra. Els resultats nals es donen a les
taules B.7, B.8 i B.9.
Una manera de testejar la alibraió del alorímetre onsisteix en alular la pull





Representa la desviaió de la mesura de l'energia experimental y, Emeas, respete
al valor teòri esperat, Etheo. aquesta desviaió es normalitza al error, σmeas. Els
resultats es mostren a les gures B.14 per la regió outer, a la gure B.15 per la
regió middle i a la gura B.16 per la regió inner pels fotons i les gures B.17, B.18
i B.19 pels eletrons. El plot superior mostra l'atual onguraió de la orreió de
l'energia. Després d'apliar-hi la parametritzaió trobada (gura inferior), el valor de











Table B.7: Valor nal de α pels fotons (text normal) i eletrons (text
en negreta). El primer valor orrespon al error estadísti i el segon












Table B.8: Valor nal de β pels fotons (text normal) i eletrons (text
en negreta). El primer valor orrespon al error estadísti i el segon











Table B.9: Valor nal de γ pels fotons (text normal) i eletrons (text
en negreta). El primer valor orrespon al error estadísti i el segon
orrespon al error sistemàti.
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  5417.    /  2568
a=  0.9383E-01  0.1183E-02
b=  0.1426  0.4384E-03
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a=  0.8685E-01  0.2225E-02
b=  0.1669  0.4971E-03









  3300.    /  1736
a=  0.2082  0.2535E-02
b=  0.1809  0.6869E-03









Figure B.6: Resoluió de l'energia en funió de l'energia reonstruïda per
la regió outer (plot superior-esqurra), per la regió middle (plot superior-
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J/ y     mass distribution
Figure B.7: Distribuió de masses de la J/ψ. Distribuió iniial (his-
tograma obert) i distribuió després d'apliar talls (histograma tanat).
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Associated MC Id
Figure B.8: Distribuió de les partíules que es ombinen per reonstruir
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Figure B.9: Distribuió de valor d'α en funió de l'energia al PS per la
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Figure B.10: Valor mig de (Eetr−ECALrec ) om a funió del valor mitjà de
l'energia al PS pels eletrons. Aquests plots es mostren per les diferents
regions: la regió externa (plot superior), la regió mitjana (plot mitjà) i
la regió interior (plot inferior).
180 Appendix B. Resum en atalà
  242.3    /   186
P1  0.1393  0.1328E-01
P2  0.1385  0.3155E-02
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P1  0.2488  0.1837E-01
P2  0.1283  0.5262E-02
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P1  0.3723  0.3666E-01
P2  0.1442  0.1036E-01









Figure B.11: Resoluió de l'energia om a funió de la energia reon-
struïda. Aquests plots es mostren per les diferents regions: la regió
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Figure B.12: Resoluió de l'energia ples fotons reonstruits om a funió
de l'energia en el PS per la regió outer (quadrats), per la regió middle
(triangles) i per la regió inner.
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0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225
Figure B.13: Resoluió de l'energia ples fotons reonstruits om a funió
de l'energia en el PS per la regió outer (plot superior esquerra), per la
regió middle (plot superior dreta) i per la regió inner (plot inferior).
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  56.41    /    31
Constant   4061.   17.87
Mean  0.1354E-01  0.5277E-02
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  83.34    /    31
Constant   4838.   20.25
Mean  0.1613E-01  0.3916E-02
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Figure B.14: Pull distribution pels fotons de la regió outer. Al plot
superior es mostra amb la onguraió atual i al plot inferior es mostra
després d'apliar la parametritzaió.
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  43.11    /    31
Constant   5328.   20.50
Mean  0.7672E-01  0.4652E-02
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  105.5    /    31
Constant   6534.   23.63
Mean  0.3168E-01  0.3280E-02
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Figure B.15: Pull distribution pels fotons de la regió middle. Al plot
superior es mostra amb la onguraió atual i al plot inferior es mostra
després d'apliar la parametritzaió.
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Constant   2501.   14.05
Mean  0.1108  0.6694E-02
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Constant   3077.   16.27
Mean  0.4255E-01  0.4697E-02
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Figure B.16: Pull distribution pels fotons de la regió inner. Al plot
superior es mostra amb la onguraió atual i al plot inferior es mostra
després d'apliar la parametritzaió.
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Constant   3938.   15.61
Mean  0.2311  0.5382E-02











-6 -4 -2 0 2 4 6
D E(E-E  )/
tr
  68.23    /    26
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Figure B.17: Pull distribution pels eletrons de la regió outer. Al plot
superior es mostra amb la onguraió atual i al plot inferior es mostra
després d'apliar la parametritzaió.
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Figure B.18: Pull distribution pels eletrons de la regió middle. Al plot
superior es mostra amb la onguraió atual i al plot inferior es mostra
després d'apliar la parametritzaió.
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Figure B.19: Pull distribution pels eletrons de la regió inner. Al plot
superior es mostra amb la onguraió atual i al plot inferior es mostra
després d'apliar la parametritzaió.
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